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NEMS TRANSPORTAON SECTOR MODEL

1. INTRODUCTION

Statement of Purpose

This reportdocumentsthe objectives,analyticalapproachand developmentof the National
EnergyModelingSystem(NEMS) TransportationModel (TRAN). The reportcataloguesand

describesthemode]assumptions,computationalmethodology,parameterestimationtechniques,
modelsourcecode,andforecastresultsgeneratedby themodel.

This document serves three purposes. First, it is a reference document providing a detailed

description of TRAN for model analysts, users, and the pubiic. Second, this report meets the

legal requirements of the Energy Information Adminis*ration (EIA) to provide adequate

documentation in support of its statistical and forecast reports (Public Law 93-275, § 57(7))(])).

Third, it permits continuity in model development by providing documentation from which energy

analysts can undertake model enhancements, data updates, and parameter refinements.

Model Summary

The NEMS TransportationModel comprises a series of semi-independent models which address

different aspects of the transportation sector. The primary purpose of this model is to provide

mid-term forecasts of transportation energy demand by fuel type including, but not limited to,
motor gasoline, distillate, jet fuel, and alternative fuels (such as CNG) not commonly associated

with transportation. The current NEMS forecast horizon extends to the year 2010 and uses 1990

as the base year. Forecasts are generated through the separate consideration of energy

consumption within the various modes of transport, including: private and fleet light-duty

vehicles; aircraft; marine, rail, and truck freight; and various modes with minor overall impacts,

such as mass transit and recreationalboating. This approach is useful in assessing the impacts

of policy initiatives, legislative mandates which affect individual modes of travel, and

technological developments.

The model also provides forecasts of selected intermediate values which are generated in order

EnergyInformationAdministr=tion
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to determine energy consumption. These elements include estimates of passenger travel demand

by automobile, air, or mass transit; estimates of the efficiency with which that demand is met;

projections of vehicle stocks and. the penetration of new technologies; and estimates of the

demand for freight transport which are linked to forecasts of industrial output. Following the

estimation of energy demand, TRAN produces forecasts of vehicular emissions of the following

airborne pollutants by source: oxides of sulfur, oxides of nitrogen, total carbon, carbon dioxide,

carbon monoxide, and volatile organic compounds.

, Model Structure

The transportation sector encompasses a variety of vehicular modes which, in general, bear little

physical resemblance to each other, save for their intended purpose of conveying passengers or

freight. Consequently, these modes are addressed in separate modules whose interrelationship

is tenuous, at best. Transportation sector energy consumption is the sum of energy consumption

forecasts generated within each of these modules. Each module, in turn, may comprise more than

one submodel, consistent with the methodological requirements of the sector, and commensurate

with the relative impact the sector has On overall transportation demand. The HEMS

Transportation Model consists of the fol!0wing seven"modules: Light-Duty Vehicle, Light Duty

Stock, Light Duty Fleet, Air Travel, FreightTransport, Miscellaneous Transport, and Emissions.

The components : these modules are briefly described in turn below.

Light-Duty Vehicle (LDV) Module

The LDV Module is the most extensive of the modules in TRAN, owing to the overwhelming

contribution of automobile and light-truck use to total transportation energy demand. Forecasts

of stocks and efciencies of cars and light trucks are generated, disaggregated by vehicle size

class, vintage, and engine technology, using the following submodels.

Fuel Economy Model (FEM)

The Fuel Economy Model uses estimates of future fuel prices, economic conditions, and the

impact of legislative mandates to forecast the economic market share of numerous automotive

technologies within seven vehicle size classes, and the consequent impact on stock fuel efficiency

of new vehicles. The results are subsequently used as inputs to other components of the

Transportation Model.

Energy Information Administration
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Regional Sales Model (RSM)

The Regional Sales Model is a simple accounting mechanism which uses exogenous estimates

of new car and light truck sales, and the results of the FEM to produce estimates of regional sales

and characteristics of light duty vehicles, which are then passed to the Light Duty Stock Model.

Alternative Fuel Vehicle (AFV) Model

The Alternative Fuel Vehicle Model uses estimates of new car fuel efficiency, obtained from the

FEM, and fuel price estimates generated by NEMS to generate market shares of each considered

technology, as well as the overall market penetration of alternative fuel vehicles. This model is

useful both to assess the penetration of AFV's and to allow analysis of policies that might impact

this penetration.

Light-Duty Vehicle Stock Module

LDV Stock Accounting Model

The LDV Stock Accounting Model takes sales and efficiency estimates for new cars and light

trucks from the LDV and LDV Fleet Modules, determines the number of retirements of older

vehicles and additions of fleet vehicles, and returns estimates '_f the number and characteristics

of surviving vehicles.

Vehicle.Miles Traveled (VMT) Model

The VMT Model is the travel demand component of the LDV Stock Module which uses NEMS

estimates of fuel price and personal income, along with population projections, to generate a

forecast of the demand for personal travel. This is subsequently combined with forecasts of

automotive stock efficiency to estimate fuel consumption by the existing stock of light duty
vehicles.

Light-Duty Vehicle Fleet Module

The Light-Duty Vehicle Fleet Module generates estimates of the stock of cars and light trucks

used in business, government, and utility fleets. The model also estimates travel demand, fuel

efficiency, and energy consamption by these fleet vehicles prior to their transition to the private

sector _t predetermined vintages.
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Air Travel Module

The air travel component of the NEMS Transportation Model comprises two separate submodels:

the Air Travel Demand Model and the Aircraft Fleet Efficiency Model. These models use NEMS

forecasts of fuel price, macroeconomic activity, and population growth, as well as assumptions

about aircraft retirement rates and technological improvements to generate forecasts of passenger

and freight travel demand and the consequent fuel consumption.

Air Travel Demand Model

The Air Travel Demand Model produces forecasts of passenger travel demand, expressed in

revenue passenger-miles (RPM), and air freight demand, measured in revenue-toN miles (RTM).

These are combined into a single demand for available seat-miles (ASM), and passed to the

Aircraft Fleet Efficiency Model, which adjusts aircraft stocks in order to meet that demand.

Aircraft Fleet Efficiency Model (AFEM)

The Aircraft Fleet Efficiency Model is a structured accounting mechanism which, subject to user-

specified parameters, provides estimates of the number of narrow- and wide-body aircraft required

to meet the demand generated in the preceding model. This model also estimates aircraft fleet

efficiency using a weighted average of the characteristics of surviving aircraft and those acquired
to meet demand.

Freight Transport Module

The Freight Transport Module uses NEMS forecasts of real fuel prices, trade indices, and selected

industries' output from the Macroeconomic Model to estimate travel demand and energy

consumption in each of three primary freight modes: truck, rail, and marine. This component

also provides estimates of modal efficiency growth, driven by assumptions about systemic

improvements and modulated by fuel price forecasts.

Miscellaneous Energy Use Module

The Miscellaneous Energy Use Module addresses transportation-related energy demands which

can not readily be allocated to any of the preceding modules. These include: military fuel

consumption, mass transit, recreational boating, and automotive lubricants.

Energy Information Administration
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Vehicle Emissions Module

The Vehicle Emissions Module receives estimates of energy consumption, by mode, from all of

the preceding modules, and calculates vehicular emissions based on both the mix of vehicle

technologies utilized over time, and the age distribution of these vehicles-

Model Archival Citation

Archived as part of the NEMS production runs for the ,4 nnual Energy Outlook J994.

Report Organization

Chapter 2 of this report discusses the purpose of the Transportation Model, detailing its

objectives, primary input and output quantities, and the relationship of TRAN to the other

modules of the NEMS system. In Chapter 3, each of the constituent modules is addressed in

detail, describing the rationale behind the module's design. Where appropriate, alternative

methodological approaches to the issues raised in each module are presented, thus permitting a

ready comparison with the approaches chosen for NEMS. Each module's structure is then

presented in detail, illustrating model flows and key computations. Chapter 4 provides an

overview of the principal assumptions employed in constructing the Transportation Model.

The Appendices to this report provide micro level detail as supporting documentation for the

TRAN files currently residing on the EIA mainframe. Appendix A lists and defines the input

data used to generate parameter estimates and endogenous forecasts from TRAN, along with the

parameter estimates and the outputs of most relevance to the NEMS system and the model

evaluation process. Appendix B contains a mathematical description of the computational

algorithms used in TRAN, including model equations and variable transformations. Appendix

C is a bibliography of reference materials used in the development process. Appendix D consists

of a model abstract. Appendix E discusses data quality and estimation methods. Appendix F

contains a number of attachments which are meant to provide insight into the historical

development of the NEMS Transportation Sector Model. Finally, Appendix G comprises two

reports used in the development of the Fuel Economy Model.

Volume H of this report documents technical detail on model data and equations and sensitivity

analysis and scenario output in support of the documentation of model performance.
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2. MODEL PURPOSE AND SCOPE

Objectives

The development of the NEMS Transportation Model has achieved four objectives. First, it
provides a policy-sensitive representation of the transportation sector within NEMS. Second, it

generates mid- to long-term forecasts (ten to twenty years) of transportation energy demand at

the census division level in support of the development of the Annual Energy Outlook (AEO).

Third, it increases the level of disaggregation provided in previous transportation models, and

fourth, it incorporates endogenous forecasts of the effects of technological innovation and vehicle
choice.

Model Overview

The TransportationModel is a loosely-knit group of submoduleswhich aresequentiallyexecuted

in a series of program calls. The flow of information between these modules is depicted in

Figure2-1. The model receives inputs from NEMS, principally in the form of fuel prices, vehicle

sales, economic and demographic indicators, and estimates of defense spending. These inputs

are described in greater detail in the following section.

The first module executed is the Light Duty Vehicle (LDV) Module, which addresses the

characteristics of new cars and light trucks. This module comprises a series of submodels which

provide estimates of new LDV fuel economy, the market shares of alternative fuel vehicles, and

sales of vehicles to fleets. This information is passed to the LDV Fleet Module, a stock

vintaging model which generates estimates of travel demand, fuel efficiency, and energy

consumption by business, government, and utility fleets. The LDV Fleet Module subsequently

passes estimates of vehicles transferred from fleet to private service to the LDV Stock Module,

which also receives estimates of new LDV sales and fuel efficiency from the LDV Module. The

LDV Stock Module generates driving, fuel economy, and fuel consumption estimates of the entire

stock of those light duty vehicles which are not owned by fleets. Information from the LDV

Stock Module is subsequently passed to the Miscellaneous Energy Use Module.

The Air TravelModule receives macroeconomic and demographic input from NEMS, including

jet fuel prices, population, per capita GDP, disposable income and merchandise exports, and

Energy information Administration
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subsequentlyuses an econometricestimation to determinethe level of travel demandand a stock

vintaging model to determine the size and characteristicsof the aircraftfleet requiredto meet that

demand. The output of this module also includes an estimate of the demand for jet fuel and

aviation gasoline, which is subsequently passed to the Miscellaneous Energy Use Module. The

Freight Transport Module uses NEMS forecasts of real fuel prices, trade indices, and selected

industries' output to estimate travel demand and energy consumption in each of three primary

freight modes: truck, rail, and marine. Travel and fuel demand estimates are subsequently
passed to the Miscellaneous Energy Use Module.

The Miscellaneous Energy Use Module receives estimates of military expenditures from NEMS
to generate military fuel demand estimates; travel demand estimates from the LDV Stock Module

and fuel efficiency estimates from the Freight Transport Module are used to calculate regional

fuel consumption by mass transit vehicles, estimates of disposable personal income from NEMS

are used to calculate the demand for fuel used in recreational boating; and the aggregate demand

for highway travel, obtained from the preceding modules is used to estimate the demand for

lubricants used in transportation. Finally, the Emissions Module uses estimates of travel demand

and fuel consumption from all the preceding modules to determine the production of airborne
pollutants.

The Transportation Model then sends information on regional fuel consumption, travel demand,
fuel economy, and emissions by transport mode and vehicle type back to NEMS, where it is

integrated with the results of the economic and supply models.

Input and Output

In orderto generateforecasts, the Transportation Model receives a variety of exogenous inputs
from other NEMS modules. The primary source of these inputs is the Macroeconomic Model,

which provides forecasts of economic and demographic indicators. Other inputs exogenous to

TRAN but endogenous to NEMS include fuel prices forecasts from the various supply models.

A complete listing of NEMS inputs to TRAN is provided in the table below.

A large number of datainputs exogenous to NEMS are suppliedto the TRAN modules described

above. These data sets remain constant throughout the forecast, and, to that extent, constitute a

set of assumptions about current and future conditions. A comprehensive list of these invariant

inputs, under the classification "data inputs", is provided in Table A-1 of Appendix A.

Energy Information Administration
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Table 2-1. Inputs to TRAN from Other NEMS Models
ii i i

NEMS Macro Model: NEMS Supply Models: Prices
Economic and .......

Demographic Indicators Oil & Gas Petroleum Marketing Renewables Electricity Market
, , ,

• Merchandise Imports • LPG ° Motor Gasoline ° Ethanol • Electricity

• Merchandise Exports • CNG • Distillate

• Gross Domestic Product • Residual Fuel Oil

(GDP) • Methanol

• GDP Deflator • Jet Fuel

• Disposable Income • Aviation Gasoline

• U.S. Population

• U.S. Population over 16

• U.S. Population over 60

• Industrial Output by SIC
Code

• Defense Spending

The Light Duty Vehicle Module, with its numerous submodels, requires the largest number of

exogenous inputs. In the Fuel Economy Model, these inputs include the characteristics of the

considered automotive technologies, such as their effects on vehicle horsepower, weight, fuel

efficiency, and price. Vehicle characteristics in the AFV Model are similarly obtained, with

vehicle price, range, emissions levels, and relative efficiency being read in from an external data
file.

The LDV Stock Module uses vintage-dependent constants such as vehicle survival and relative

driving rates, and fuel economy degradation factors to obtain estimates of stock efficiency.

The Air Travel Module receives exogenous estimates of aircraft load factors, new technology

characteristics, and aircraft specifications which determine the average number of available seat-

miles each plane will supply in a year. The Freight Module receives exogenous estimates of

freight intensity and modal shares. Finally, the Emissions Module is supplied a set of coefficients

which associate energy use by vehicle and fuel type with the consequent emissions of each of

the six airborne pollutants considered by the model.

Each submodel performs calculations at a level of disaggregation commensurate with the nature

of the mode of transport, the quality of the input data and the level of detail required in the

output. For example, the FEM addresses seven size classes of car and light truck, while the

EnergyInformationAdministration
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Stock Module considers six separate classes, and the AFV Model only three. The Transportation

Model maps the output of each submodel into variables of the appropriate dimension for use in

subsequent steps. Due to the lack of a uniform stratification scheme among the various

transportation sectors, the primary dimensions across which key variables vary in TRAN are

discussed in the individual module descriptions in the following section.

As described previously, the Transportation Model produces forecasts of travel demand,

disaggregated by census division, vehicle and fuel type; conventional and alternative vehicle

technology choice; vehicle stock and efficiency; energy demand, by vehicle and fuel type; and

emissions of specific airborne pollutants. Within NEMS, TRAN has an interactive relationship

with the Macroeconomic Module and the various supply modules, which provide the prices of

transportation-related fuels at a given level of demand. In each year of the forecast, NEMS

performs several iterations in order to derive a set of fuel prices under which supply and demand

converge, The reliance of each of the submodels in TRAN on these economic and price inputs

is made clear with the detailed model specifications in the following section.

Energy Information Administration
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Figure 2-1. NEMS and the NEMS Tnmsportation Sector Model
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3. MODEL RATIONALE AND STRUCTURE

As described above, the NEMS Transportation Model is made up of an array of separate

modules, each addressing different aspects of the transportation field. In order to provide a

consistent and lucid presentation of TR.AN, each of these modules are discussed separately; where

appropriate, individual module components are separately considered. Each section describes the

general theoretical approach to the issue at hand, the assumptions which were incorporated in the

development of the model, the methodology employed in predecessor models, and alternative

approaches which were considered.

The key computations and equations of each module are then presented, in order to provide a

comprehensive overview of the Transportation Model. The equations follow the logic of the

FORTRAN source code very closely to facilitate an understanding of the code and its structure.

In several instances, a variable name will appear on both sides of an equation. This is a

FORTRAN programming device that allows a previous calculation to be updated (for example,

multiplied by a factor) and re-stored under the same variable name.
I
i

Flowcharts are provided both within the text and at the end of each section. Those embedded

within the "Model Structure" portion of the explanatory text give a general overview of each

Module's structure, its interactions with other Modules within TRAN, and its input requirements
from other NEMS Models. Flowcharts found at the end of each section are intended to be

detailed, self-contained representations of Module calculations. Thus, for the sake of clarity,

origins and destinations of external information flows are not specified.

The various appendices following this section provide additional information on the model

development process, including background research which contributed to the quantification of

the various relationships influencing mode! output.

Energy Information Administration
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3A. Light Duty Vehicle Module

This module tracks the purchases and retirements of cars and light trucks, forecasts their fuel

efficiency, and estimates the consumption of a variety of fuels, based on projections of travel

demand. The LDV Module is divided into three separate sections: the Fuel Economy Model,

the Regional Sales Model, and the Alternative Fuel Vehicle Model. Due to the differing

methodological approaches and data requirements, each section is presented individually.

3,4-1. Fuel Economy Model

The Fuel Economy Model (FEM) is a subcomponent of the Light Duty Vehicle segment of the

NEMS Transportation Model. FEM produces estimates of new light duty vehicle fuel efficiency

which are then used as inputs to other components of the Transportation Model.

RATIONALE

The FEM is a significant component of the Transportation Model because the demand for

automotive fuel is directly affected by the efficiency with which that fuel is used. Because of

the disparate characteristics of the various classes of light duty vehicle, this model addresses the

commercial viability of fifty-five separate technologies within each of fourteen vehicle market

classes and four corporate average fuel economy (CAFE) groups. The seven automobile market
I

classes include five classes based on interior passenger volume, ranging from "minicompact" to

"large", and classes for "sports" and "luxury" cars. The seven classes of light truck are based

mainly on utility and intertia weight and include vans, pickups, utility vehicles and mini-trucks.

Market classes for automobiles and light trucks are described in more detail in Appendix A,

Table A-2. The four groups for which CAFE standards are set are: Domestic Cars, Import Cars,

Domestic Trucks, and Import Trucks.

The fuel economy of the fleet of new vehicles can change as a result of four factors:

1) A change in technological characteristics of each vehicle

2) A change in the level of acceleration performance of vehicles

3) A change in the mix of vehicle classes sold

4) A change in vehicle safety and emission standards.

Over the last 15 years, the single factor with the largest effect on fuel economy was the changing

technological characteristics of cars. Except for the period immediately following the second oil

Energy Information Administration
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shock of 1979, the vehicle class mix has not had a very large effect on fuel economy since the

mix changes have not been large. In the last five years, rapidly increasing performance levels

have had a significant impact on fuel economy.

The Fuel Economy Model developed for NEMS considers each of the first three factors when

projecting fuel economy in the future. To forecast technological change, the entire fleet of new

cars and light duty trucks are disaggregated into fourteen market classes (seven each for cars and

light trucks) that are relatively homogenous in terms of consumer perceived attributes such as

size, price and utility. Technological improvements to each of these market classes are then

forecast based on the availability of new technologies to improve fuel economy, as well as their

cost effectiveness. The central assumptions involved in this technological forecast are as follows:

1) All manufacturers can obtain the same benefits from a given technology, provided

they have adequate lead time (i.e., no technology is proprietary to a given

manufacturer in the long term).

2) Manufacturers will generally adopt technological improvements that are perceived

as cost-effective to the consumer, even without any regulatory pressure. However,

the term cost-effectiveness needs to be interpreted in the manufacturer's context.

These forecasts also account for manufacturer lead time and tooling constraints that limit the r_'e

of increase in the market penetration of new technologies. Based on the technological iroprr _"c.

ments adopted, a fuel economy forecast assuming constant performance is developed for each o__
the market classes.

The fuel economy forecast must then be adjusted to account for changes in consumer preference

for performance. The demand for increased acceleration performance for each size class is

estimated based on an econometric equation relating fuel prices and personal disposable income

to demand for performance or horsepower, by market class. This relationship is used to forecast

the change in horsepower, which is then used to forecast the change in fuel economy throughan

engineering relationship that links performance and fuel economy.

Finally, the change in the mix of market classes sold is forecast as a function of fuel price and

personal disposable income only and is documented in Appendix E, page E-1, of this report. The

sales mix by class is used to calculate fleet fuel economy. The econometric model was derived

from regression analysis of historical sales mix data over ihe 1978-1990 period. The model

forecasts sales mix for the 7 car classes and the 7 light truck classes, while import market shares

Energy Information Admintl_ration
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are held at fixed values by market class based on EEA estimates.

The model also allows specification of Corporate Average Fuel Economy (CAFE) standards by

year, and of differential standards for domestic and import vehicles, as well as the penalty (in

dollars) per car per mile per gallon below the standard. The standards are accounted for in the

forecast by incorporating the penalty into the technology cost-effectiveness calculation. Hence,

if the penalty is not large, the model assumes that manufacturers will adopt fuel-saving

technology as long as it is cost-effective; that is, until the point where it becomes cheaper to pay

the penalty for noncompliance. Thus, the model allows companies to choose non-compliance

with CAFE standards as a cost-minimizing strategy, as may occur if penalties are set at

unrealistic levels relative to the difficulty of achieving the CAFE standards.

Finally, the model also accounts for all known safety and emission standard changes during the

forecast period. These are generally limited to the 1990-2005 time frame, however. Emission

standards and safety standards increase vehicle weight, and in some cases decrease engine

efficiency. The model accounts for the 1994 Tier I emission standards as well as the 2001 + Tier

II emission standards, but does not envisage that the California "Low Emission Vehicle"

standards will be adopted nationwide. Safety standards include fuel economy penalties for air

bags, side intrusion and roof crush (reliever) strength requirements that are mandatory over the

next ten years. Separately, anti-skid brakes are assumed to be incorporated in all vehicles,

although they are not required by law.

AL TERNA TIVE SPECIFICA TIONS

The methodology described is implemented in the Fuel Economy Model (FEM) which builds

from the earlier Technology/Cost Segment Model (TCSM) which was developed for the Depart-

ment of Energy. The FEM, however, has two changes relative to the TCSM, as detailed below:

1) The FEM forecast aggregates all manufacturers by domestic and import, while the

TCSM forecasts fuel economy by manufacturer for all domestic and several select

import manufacturers

2) The FEM technology data is more recently updated, and captures technologies that

could be available over the next 40 years, whereas the TCSM incorporates only

near term technology data.

As a result of its longer term focus, the FEM incorporates a more sophisticated technology

adoption and market penetration calculation algorithm than the one incorporated in the TCSM.
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The adoption algorithm accounts for real world effects when cost-ineffective technologies are

introduced in luxury cars for image or for performance reasons.

The forecasts are calculated at the most disaggregate level of manufacturer type (domestic/

import), vehicle type (car/light truck) and market class. Cars and light trucks are each separated

into seven market classes. Each market class represents an aggregation of vehicle models that

are similar in size and price, and are perceived by consumers to offer similar attributes. The car

classes are similar to the EPA size classes except for the addition of sports and luxury classes

that are not defined on the basis of interior volume. In addition, the classes utilized here are

based on passenger volume, not passenger and trunk volume as per EPA, which results in some

hatchback models differing in classification. Truck classification is essentially identical to the

EPA classification. The seven classes for cars and for light duty trucks are described in

Appendix A, Table A-2. This leads to a total of 28 possible classes (7 classes x 2 vehicle types

x 2 manufacturer types) but some have no vehicles, e.g., there are no domestic minicompact cars.

The net result is 22 different classes which are individually forecast to 2030.

MODEL, STR.UC.,,TUR,E

The Fuel Economy Model (FEM) uses a straightforward algorithm to forecast fuel economy by

vehicle class. FEM begins with a baseline, describing the fuel economy, weight, horsepower and

price for each vehicle class in 1990. In each forecast period, the model identifies technologies

which are available in the current year. Each available technology is subjected to a cost

effectiveness test which balances the cost of the technology against the potential fuel savings and

the value of any increase in performance provided by the technology. The cost effectiveness is

used to generate an economic market share for the technology.

In certain cases there are adjustments which must be made to the calculated market shares. Some

of these adjustments reflect engineering limitations to what may be adopted. Other adjustments

reflect external forces that require certain types of technologies; safety and emissions technologies

are both in this category. All of these adjustments are referred to collectively as "Engineering

Notes." There are four types of engineering notes: Mandatory, Requires, Synergistic and

Supersedes. These are described in detail in the following sections.

After all of the technology market shares have been determined, the baseline values for the

vehicle class are updated to reflect the impact of the various technology choices on vehicle fuel

economy, weight and price. Next, based on the new vehicle weight, a no-performance-change

adjustment is made to horsepower. Then, based on income, fuel economy, fuel cost, and vehicle
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class, a performance-change adjustment is made to horsepower. Finally, the fuel economy is

adjusted to reflect the new horsepower.

Once these steps have been taken for all vehicle classes, the Corporate Average Fuel Economy

(CAFE) is calculated for each of the four groups: Domestic Cars, Import Cars, Domestic Trucks

and Import Trucks. Each group is classified as either passing or failing to meet the CAFE

standard. When a group fails to meet the standard, penalties are assessed to all of the vehicle

classes in that group, which are then reprocessed through the market share calculations. In this

second pass, the technology cost effectiveness calculation is modified to include the benefit of

not having to pay the fine for failing to meet CAFE. After this second pass the CAFEs are

recalculated. No further action is taken to force CAFE compliance; vehicles in failing groups

are assumed to simply pay the fine.

The Fuel Economy Model flowchart is presented in Figure 3A-1 below. In the interest of

readability, more detailed flowcharts describing the order in which FEM calculations are made

are presented at the end of Section 3A.
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Figure 3A-1. Fuel Economy Model
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CALCULATE TECHNOLOGY MARKET SHARES

FEM first determines the cost effective market shares of technologies for each vehicle class and

then calculates the resulting Fuel Economy, Weight, Horsepower and Price through the subroutine

FEMCALC. In each forecast period this function is called twice. During the first pass,

technology market shares are calculated for all vehicle classes. In the second pass, the

technology market shares are recalculated for vehicles in groups failing to meet the CAFE stan-

dards. During this pass, the cost effectiveness calculation is adjusted to include the regulatory

cost of failing to meet CAFE_. If a vehicle group continues to fail to meet CAFE standards after

the second pass, no further adjustments to technology market shares are made. Rather, it is

assumed that the manufacturers simply pay the penalty.

For each vehicle class, FEMCALC follows these steps:

A. Calculate the economic market share for each technology

B. Apply the engineering notes to control market penetration

-Adjust the economic market shares though application of the mandatory,

supersedes and requires engineering no_ :>

- Adjust the fuel economy impact through application of the synergy engineering
notes

C. Calculate the net impact of the change in technology market share on fuel economy,

weight and price

D. Adjust horsepower based on the new fuel economy and weight

E. Readjust fuel economy based on the new horsepower, and price based on the change in

horsepower

Each step is described in more detail below. Readers should note that all of the calculations in

th, z section take place within loops by Group and Class. In the interest of legibility, these

dimensions are not shown in the subscripts.

I S¢¢ the variable REGCOgT in Equation 6. During pass 1 REGCOST has a value of 0. During pass 2 it is set to
REG$COST, which is a user input.
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.4: Calculate the economic market share for each technology

The cost effective market share calculation for each technology is based on the cost of the

technology, the present value of the expected fuel savings and the perceived value of

performance. These are addressed in turn below

Fuel Savings Value

The "expected" price of fuel is based on the rate of change of fuel prices over a two year period

prior to the year when the technology adoption decision is made. The time decision to introduce

a particular technology is made at least three years before actual introduction in the marketplace,

and is based on the expected fuel prices at the time of introduction rather than actual fuel prices.

The expected present value of fuel savings is dependant on the "expected" price of fuel, how

long the purchaser is willing to wait to recover the initial investment (the payback period); and

the distance driven over the period. This estimation involves the following three steps:

1) Calculate the fuel cost slope (PSLOPE), used to extrapolate linearly the expected fuel cost

over the desired payback period:

PSLOPE : MAX ( O, FUELCOSTv_Aa,_ - FUELCOSTyEAa4 ) (1)
2

2) Calculate the expected fuel price (PRICESEX) in year i (where i goes from 1 to

PAYBACK):

PRICE$EX i = PSLOPE * (i+2) + FUELCOSTytAa 4 (2)

3) Calculate the expected present value of fuel savings (FUELSAVE) over the payback period:

p,v,,c_ (1 1 I
FUELSAVE,,c : _ VMTi,

i., FE,c.vs,n.1 ( 1 + DELSFE,_• FE,_.ys,R4) (3)

• PRICE$EXI • (1 + DISCOUNT)_

whore:

VMT = Annual vehicle-miles traveled

itc = The index representing the technology under consideration

FE = The fuel economy of technology itc

DEL$FE = The fractional change in fuel economy associated with technology itc

PAYBACK = The user-specified payback period

DISCOUNT = The user-specified discount rate
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Technoloc/y Cost

Technology cost has both absolute and weight dependant components. The absolute component
is a fixed dollar cost for installing a particular technology on a vehicle. Most technologies are

in this category. The weight dependant component is associated with the material substitution

technologies. In these technologies a heavy material is replaced with a lighter one. The

technology cost is a function of the amount of material, which is in turn a function of how heavy

the vehicle was to begin with. The technology cost equation includes both components, although
in practice one or the other term is always zero:

TECHCOST,= = DEL$COSTABS.= - (DEL$COSTWGT.= * DEL$WGTWGT.= • WEIGHTa,sEvR _4)

where:

TECHCOST = The cost per vehicle of technology itc

DEL$COSTWGT = The weight-based change in cost ($/lb)

DELSWGTWGT = The fractional change in weight associated with technology itc

WEIGHT = The original vehicle weight

Performance Value

Although there are a number of tecnological factorswhich affect the perceived "performance"of

a vehicle, in the interests of clarity and simplicity it was decided to use the vehicle's horsepower

as a proxy for the general category of performance. An increase in horsepower is assumed to

reduce the fuel economy based on the relationship given in Equation 21. The perceived value

of performance is also a factor in the cost effectiveness calculation. The value of performance

for a given technology is positively correlated with both income and vehicle fuel economy and

negatively correlated with fuel prices. In addition, purchasers of sports and luxury vehicles tend

to place a higher value on performance:

INCOMEvEAn FEvEAn_ * ( 1 + DELSFE.= )
VAL$PERF,_ =VALUEPERF.= * *

INCOMF.v=A..1 FF-_EA.-1
(s)

FUELCOSTveAm4
• * DEL$HP.=

PRICE$EX 1

where:

VALSPERF = The dollar value of performance of technology itc

VALUEPERF = The value associated with an incremental change in performance

FE = Vehicle's fuel economy

DEL$FE = The fractional change in fuel economy of technology itc

DEL$HP = The fractional change in horsepower of technology itc

FUELCOST = The actual price of fuel (in the previous year)
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Econom.ic Market Share

The market share of the considered technology is determined by first evaluating the cost

effectiveness of technology itc as a function of the values described above:

COSTEFFECT.= = FUELSAVE,,= - TECHCOST.= + VALSPERF.= + (REGCOST • F_E... _ • DELSFE.= )
ASS (TECHCOST.¢) (6)

where:

COSTEFFECT = A unifless measure of cost effectiveness

REGCOST = A factor representing regulatory pressure to increase fuel economy, in $ per MPG

and:

ACTUAL$MKT,. = MMAX,= , PMAX,= • (1 + • "_.¢OSnF,SCT..)-1 (7)

where:

ACTUAL$MKT = The economic share, prior to consideration of engineering or regulatory constraints.

MMAX = The maximum market share for technology itc

PMAX = The institutional maximum market share, which models tooling constraints on the part of

the manufacturers,and is set in a separate subroutine. This subroutine (FUNCMAX) sets

the currentyear maximum market share based on the previous year's share. The values are

tabulated in Appendix A, Table A-3.

Market Sham Overrides

Existing technologies are assumed to maintain their market shares unless forced out by later

technologies. If the cost effectiveness calculation yields an economic market share which is

below the market share in the previous period then the calculated value is overridden:

ACTUALSMKT.= = MAX ( MKT$PENy,:,,,.-1 , ACTUALSMKT.= ) (8)

where:

MKT$PEN = Temporary variable which stores value o.fACTUALSMK.T, calculated in Equation 7, from

previous year
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B: Apply the Engineering Notes

The engineering notes consist of a number of overrides to the economic cost effectiveness

calculations done in the previous step. The first three types of notes (mandatory, supersedes and

requires) directly affect the technology market share results obtained above. The fourth type of

note, synergy, does not affect the market share and is applied after all other engineering notes

have been applied.

Mandatory Notes

These are usually associated with safety or emissions technology which must be in place by a

certain year. For example, air bags are mandatory in 1994. If the cost effectiveness calculations

do not produce the mandated level of technology then those results are overridden as follows:

ACTUALSMKT.= = MAX (ACTUALSMKT.=, MANDMKSH.=) (9)

where:

MANDMKSH - Market share for technology itc which has been mandated by legislative or regulatory action

Supersedes Notes

These are associated with newer technologies which replace older ones. For example, 5-speed

automatic transmissions supersede 4-speed automatics. Once the cost effective market share for

the newer technology (e.g. 5-speed automatics) has been calculated, the market share(s) of the

older technology(ies) (e.g. 4-speed automatics) are reduced, if necessary, to force the total market

shares for the old and new technologies to add up to 100 percent.

For example, given a group of competing technologies A, B, and C, suppose that C is the oldest

technology while A is the newest. After calculating the economic market share for each

technology, and applying the mandatory notes as described above, the following steps are then

taken:

1) Add the three market sharestogether:

SUMSMKT= ACTUALSMKTA * ACTUALSMKTe+ ACTUALSMKTc (10)

2) Identify the largest maximum market share for the group of technologies:
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MMAX = MAX(MKTSMAXA, MKT$MAXs , MKT$MAX¢) (11)

where:

MKT$MAX= Maximummarketshareof technologyitc

3) If SUM$MKT<= MMAX, then make no adjustments.

4) If SUMSMKT> MMAX,then subtract market share from technology C until the sum of the

market shares equals MMAX,or until ACTUALSMKTc = 0.

5) If SUM$MKT is still greater than MMAX,subtract market share from technology B until the

sum of the market shares equals MMAX.

Requires Notes,

These notes control the adoption of technologies which require that other technologies also be

present on the vehicle. For example, since Variable Valve Timing II requires the presence of an

Overhead Cam, the market share for Variable Valve Timing II cannot exceed the sum of the

market shares for Overhead Cam 4, 6 & 8 cylinder engines. This note is implemented as

follows:

1) For a given technology itc, define a group of potential matching technologies, one of

which must be present for itc to be present.

2) Sum the market shares of the matching technologies (req):

RQ

REQ$MKT = _ACTUALSMKT,.q (12)
req

where:

REQ$MKT=Themarketshareof requiredcomplementarytechnologiestotechnologyitc.
req= Indexreferringto all requiredcomplementarytechnologiestotechnologyitc.
RQ= Numberof requiredcomplementarytechnologiesto technologyitc.

3) Compare REQ$MKT to the market share of technology itc: ACTUAL$MKTi, c.

4) If ACTUALSMKTi_c <= REQ$MKT, then make no change.

5) If ACTUAL$IvlKTit¢ > REQ$MKT, then set ACTUALSMKTi,c = REQ$MKT

It is at this point that the adjusted economic market share, ACTUAL$MKT_t_, is assigned to the

variable MKT$PENitc,v,,_ for use in the remainder of the calculations.
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Syner.qistic Notes

Synergistic technologiesare those which, when installed simultaneously, interact to affect fuel

economy. A vehicle with synergistictechnologieswill not experience the change in fuel

economy predicted by adding the impact of each technology separately. Conceptuallysuch

interactionscouldyield either greateror lower fuel economy;however, in all casesobservedin

FEM the actual fuel economyis lower than expected. For example,Variable Valve Timing I is

synergisticwith 4-speedautomatictransmissions.If botharepresenton a vehicle thenthe actual

fuel economyimprovementis 2 percentbelow what would be expectedif the technologieswere

simply addedtogetherwith no regard for their interaction.

Synergy adjustments are made once all other engineering notes have been applied. For each

synergistic pair of technologies the fuel economy is adjusted as follows:

FF'_'e*" = FEveA" + (MKTSPEN't'"YeA' - MKT$PENa="Ye*'" ) (13)

• (MKT$PEN,=a,v=.R - MKTSPEN,,=zveA__1) * SYNRSDEL=,=I.,==

where:

FE = Fuel economy, by size class and group, initialized to the previous year's value and

subsequently modified with each iteration of the model.

itcJ = First synergistic technology

itc2 = Second synergistic technology

SYNR$DEL = The synergistic effect of the two technologies on fuel economy

C: Calculate Net Impact of Technology Change

The net impact of changes in technology market shares is first calculated for fuel economy,

weight and price. Horsepower is dependant on these results and must be calculated subsequently.

For a given technology itc, the change in market share since the last period (DELTA$MKT) is

calculated as follows:

DELTA$MKT.= = MKT$PENI,=,yeAR- MKT$PENI,=,yEA_.I (14)

DELTA$MKTi=is used to calculate the incremental changes in fuel economy, vehicle weight, and

price due to the implementation of the considered technology.
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Fuel Economy

Current f'Jel economy for a vehicle class is calculated as the previously adjusted fuel economy

plus the sum of incremental changes due to newly adopted technologies:

NUMTECH

FEye.a = FEyeA_ + _ FEveAm., * DELTA$MKT,= * DEL$FE,,= (15)
It©d

where:

NUMTECH = Number of newly adopted technologies

vehicle Weiaht

Current weight for a vehicle class is calculated as the current weight plus the sum of incremental

changes due to newly adopted technologies. As with the technology cost equation, the weight

equation has both absolute and variable components. Most technologies add a fixed number of

polmds to the weight of a vehicle. With material substitution technologies the weight change

depends upon how much new material is used, which is a function of the original weight of the

vehicle. The weight equation includes both absolute and weight dependant terms in the

summation expression. For any given techr=ology, one term or the other will be zero.

NUMTECH

WEIGHTyeAR = WEIGHTy=An + _ DELTA$MKT.= * [DELSWGTABS,,=
,=.4 (16)

+ (WEIGHTaAs.y. • DELgWGTWGTi,= )]

where:

DEL$WGTABS = The change in weight (lbs) associated with technology itc

DEL$WGTWGT = The fractional change in vehicle weight due to technology ,c

WEIGHT = Vehicle weight, by size class and group, initialized to the previous year's value and

subsequently modified with each iteration of the model.

Vehic/e Price

Current price for a vehicle class is calculated as the current price plus the sum of incremental

changes due to newly adopted technologies. As with the weight equation, the price equation has

both absolute and variable components. Most technologies add a fixed cost to the price of a

vehicle. For the material substitution technologies, cost depends on the amount of new material

used, which is in turn dependent on the original weight of the vehicle. The price equation
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includes both absolute and weight dependant terms in the summation expression. For any given

technology, one term or the other will be zero.

NUMTECH

PRICEvIA_= PRICF._w,,+ _ DELTA$MKT,c• [DEL$COSTABS,c 117)
Jt¢

+ ( WEIGHTvzA. - WEIGHTeAs_v. ) • DEL$COSTWGT.. ]

where:

DEL$COSTABS = The cost of technology iw

DEL$COSTWGT ffi The weight-based change in cost of technology itc ($/lb)

PRICE = Vehicle price, by size class and group, initialized to the previous year's value and

subsequently modified with each iteration of the model.

D: Adjust Horsepower

Calculating the net impact of changes in technology share on vehicle horsepower is a two step

process. First, horsepower is calculated on the basis of weight; this step assumes no change in

performance. This initial estimate simply maintains the weight to horsepower ratio observed in

the base year:

Unadiusted Horsepower

Assuming a constant weight/horsepower ratio:

HpvtA, ffiHP,As_v,. WEIGHTveA" (18)
WEIGHTaAsEyR

where:

HP = Vehicle horsepower

WEIGHT = Vehicle weight

..A.diustment Factor

The second step adjusts horsepower for changes in performance. This calculation is based on

household income, vehicle price, fuel economy, fuel cost, and the perceived desire for perfor-

mance (PERFFACT):
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l,ll * l

INCOMEy.R /PRICEyEAR.1_'ll. / FEyEAR'2
ADJHP = PERFFACT• iNCOMEy,AR.4 _-PRICEy=,_) _F:F._,,AR'4

(19)

[FUELCOST,,,eAR4T'
• _.FUELCOSi.y,AR) - 1

where:

ADJHP= Vehiclehorsepoweradjustmentfactor

Note that if income, vehicle price, fuel economy and fuel cost remain the same, the expression

in parentheses resolves to: (1"1"1'1 - l) = O. Thus, unless there is some change in the

economics, there will be no change in horsepower due to a desire for more performance. In an

economic status quo, the only changes in horsepower will be those required to maintain the base

year weight-to-horsepower ratio calculated above.

Adiusted Horseoower

The current year horsepower is then calculated as follows:

YEAR /
HPyEAR= HPyEAA* 1 + _ ADJHP (20)

Note that this equation uses the sum of horsepoweradjustmentsto date. This is necessary

becausethe first stepof the adjustmentignoresthe previousperiod result(HP_u_.,)and calculates

current horsepower using the base year weight-to-horsepower ratio. The summation term

incorporates all horsepower adjustments due to economic changes which occur in the intervening

forecast periods. The final HP estimate is then checked to see if it meets the minimum

driveability criterion which are set at WT/HP = 30 for all cars except sports and luxury for which

the criterion is WT/HP = 25. These minima are derived from the experience of the early 1980's.

E: Readjust Fuel Economy and Pr/ce

Once the horsepower adjustment has been determined, the final fuel economy for the vehicle
must be calculated.
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Fuel EconomY Ad/ustment Fa,qto,r

The fractional change in fuel economy based on the fractional change in horsepower is first

calculated (ADJFE).This is an engineering relationship expressed by the following equation:

ADJFE = -0.22,ADJHP - 0.S60_ADJHP2 (21)

Adiusted Fuel Economy

The final vehicle fuel economy is then determinedas follows:

F5 = FE • (14ADJFE) (2.2)

Adiusted Vehicle Price,,
Vehicle price is finally estimated:

PRICE = PRICE + ADJHP,VALUEPERF (23)

Note that as these are final adjustments, the results do not feed back into the horsepower

adjustment equation.

The above equations result in an estimate of the market shares of the considered technologies

within each class of vehicle. The next step is to calculate the market shares of each vehicle class

within each CAFE group.

CALCULATE CLASS MARKET SHARES

This routinecalculates vehicle class marketshareswithin each "corporate" average fuel economy

group (i.e. Domestic Cars, Import Cars, Domestic Trucks and Import Trucks.) Market shares for

each class are derived by calculating an increment from the base year (1990) market share. The

market share increment (or decrement) is determined by one of the following equations

(depending on vehicle class):
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Aft Vehicle Classes Except Luxury Cars:2

I CLASS$$HARE'/ CLASSSSHARE,I
In _i__CLASS$SHARE,_tA.-In 1 - CLASS$SHARE,_,.0 =A • In (YEAR1"1"9"9-0"/ (24)

FUELCOSTv,,a I INCOMEvs.a- $13,000l.B .In FUE_L_OSTIm +C .In INCOME,'s'=o-$13,000

where CLASSSSHARE i is the marketshare of the i_ marketclass, and the values of the coefficients

A, B, and C are tabulated in Table E-I of Appendix E.

Luxuw Cars:

The calculatedincrementis addedto thebaseyearmarketshareto obtaina currentyearvalue.
After marketsharesarederivedforall vehicleclasses,theresultsarenormalizedsothatmarket

sharessumto 100%within eachCAFE group.

In 1 - C_ssSSHARE i =Wa-In i - C_SSSSHAR_)._ =A • In 1990 (25)

FUELCOSTvuA. INCOM_KA.+ B * In "FUELCOST_,_ * C • In II_COMEt.o_

CALCULATE CORPORATE AVERAGE FUEL ECONOMY

This routinecalculatesthe "corporate"averagefuel economyfor eachof the four groups:

1) Domestic Cars

2) Import Cars

3) Domestic Trucks
4) Import Trucks

ForeachvehiclegrouptheCAFE calculationproceedsasfollows:

2 Note: Market shams for Mini and Sub-Compact cars are solved jointly using equation 24. The resulting combined

market share is allocated between the two classes based on the original 1990 allocation. Special treatment of these two

classes was made necessary by the small sample size in the analysis data sets.
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7

CLASSSSHAREI.A.yeAR
CAFE,.A.YeAn= 0.4 (26)

7 CLASSSSHAREDAyeAR
"

i._ FEl,_.v=An

where:
i = Vehicle Class

k = CAFE Group

This CAFE estimate is then compared with the legislative standard for the manufacturer group

and year. If the forecast CAFE is less than the standard, a second iteration of the model is

performed after resetting the regulatory cost (REGCOST).If the recalculated CAFE is still below

the standard, no further iteration occurs, as the manufacturer is then assumed to pay the fine.

COMBINE RESULTS OF DOMESTIC AND IMPORTED VEHICLES

In subsequent components of the transportation model, domestic and imported vehicles are not

treated separately. It is therefore necessary to construct an aggregate estimate of fuel economy

for each class of car and light truck. Aggregate fuel economy is determined by weighting each

vehicle class by their relative share of the market. These figures are assumed to be constant

across classes and time, and have been obtained from Oak Ridge estimates of the domestic and

imported market shares: 3

For Cars (except mini-compacts):

[ .742 .2581-'FEcu_ss = _EcLASS,O,m,,ti© + FEcLAsa,,-p.. (27)

For Light Trucks (except standard pickups, standard vans, and standard utility vehicles):

FEcL_SS= [ .868 .132 1-1PSet_.,o..o.,_ = + F.Ec_,,I.po. (28)

All mini-compact cars are imported, and all standard pickups, standard vans, and standard utility

vehicles are produced domestically.

3 Oak Ridge National Laboratory,TrcmsportationEnergy Data Book: Edition 12, ORNL-6710, 3/92.
For Cars: Table 3.9, 1990 data. For Light Trucks: Table 3.16, 1990 data.
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The fuel economies of the seven size classes described above are subsequently collapsed into six

size classes considered by the remainder of the Transportation Model, and benchmarked to

correspond to 1992 NHTSA estimates of fuel economy for each size class. These numbers are

then passed to the Alternative Fuel Vehicle (AFV) Model, and the overall fleet stock model to

produce estimates of fleet efficiencies.

3A.2. Regional Sales Model

The Regional Sales Model is a simple accounting mechanism which uses exogenous estimates

of new car and light truck sales, and the results of the Fuel Economy Model to produce estimates

of regional sales and characteristics of light duty vehicles, which are subsequently passed to the

Light Duty Stock Model.

,,R,,A T,,IONALE

Nationwideestimatesofnew carsalescome fromthetheNEMS Macro Module. Inorderto

complywiththeNEMS requirementforregionalfuelconsumptionestimates,theRegionalSales

Model allocatesnew carand lighttrucksalesamong thenineCensusdivisionsand permits

regionalvariationsinvehicleattributes.ThisalsogivestheTransportationModel thecapability

toanalyzeregionaldifferencesinalternativevehiclelegislation.For example,Californiahas

implementedlegislationrequiringthat2% of allvehiclessoldby theyear2000 be "zero

emissions"vehicles(essentiallyelectricvehicles).MassachusettsandNew York havetaken

stepstoadopttheCaliforniastandards,andtheTransportationModel assumesthattheywillbe

successful.

AL TERNA TIVE SPECIFICATIONS

No alternative models were considered.

MODEL STRUCTURE

This is not a separate model in itself, but rather a series of intermediate calculations used to

generate several regional variables which are used in subsequent steps in the Transportation

Model. It comprises two subroutines, TSIZE and TREG; the first is used to compress the seven

vehicle size classes generated by the Fuel Economy Model into six size classes used in

subsequent calculations and the second generates regional shares of fuel consumption, driving
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demand, and sales of vehicles by size class.

The Regional Sales Model flowchart is presented in Figure 3A-2 below.

Figure 3A-2. Regional Sales Model
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Redistribute FEM Results Among Six Size Classes

The first stage in this model involves the estimation of non-fleet sales of cars and light trucks

for each of the seven size classes and CAFE groups described in the Fuel Economy Model

(FEM). The fraction of car and truck sales attributed to fleets is assumed to remain constant

across size classes and the estimation period. Although the fuel economies of domestic and

imported vehicles have already been combined, the separate market shares are recorded in the

variable MKTC, and the calculations are performed separately for domestic and imported
vehicles.

For Cars:

NCSVSCc_,ss. , = MKTCc_ss., • TMC_SQTRCARS, • (1 - FLTCRAT,, o) (29)

where:

NCSTSC = New car sales in the original seven FEM size classes

TMC_SQTRCARS = Total new car sales (supplied by the MACRO module)

MKTC = The market share for each automobile class, from FEM

FLTCRAT = Fractionofnew carspurchasedby fleets in1990

T = Indexreferringtomodelrunyear

Similarly for Trucks:

NTSTSCc_ss,T ffiMKTTc_ss,T • TMC_SQDTRUCKSLr • (1 - FLTTRATI. 0) (30)

where:

NTS7SC = New light truck sales in the original seven FEM size classes

TMC_SQDTRUCKSL = Total light truck sales (supplied by the MACRO module)

MKTT = The market share for each light truck class, from FEM

FLTTRAT = Fraction of new light trucks purchased by fleets in 1990

Sales within the seven size classes are then distributed among six size classes, combining the

domestic and import groups, as follows:

2 7

NCSTSCsc = E E (NCS7SCcu_ss,GRoup) * _lc_sS,GROUp,SC (31)
GROUP=1 CLA$8',1

and:

where:
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2 7

NLTSTSCsc = _ _ (NTS7SCc_.,GROUP)* _?'C_.,GROUP,SC (32)
GROUP-1 CLAS8-1

NCSTSC= New carsales in the modifiedsix size classes,SC
SC = Index forsix size classes

NLTSTSC= New light trucksales

_I,J32= Weightingcoefficientsassociatedwith carsand trucks,respectively

GROUP= Index indicatin8domesticor importedvehicles

The market shares for cars and light trucks are then calculated by size class:

PASSHRRsc = ,. NCSTSC.c

_ NCST$C.¢ (33)
8C -1

and:

LTSHRI_c = NLTSTSCsc

_ NLTSTSCsc (34)
8C -1

where:

PASSHRR= Non-fleetmarketsharesof automobiles,by size class$C

LTSHRR= Non-fleet marketsharesof light trucks,by size class SC

Similarly, horsepowerestimatesgeneratedin FEM arecompressedfrom seven to six size classes

for cars and light trucks,combining domestic and importgroups:

2 7

HPCAR.c " E E (HPCcL,_S,GROUP)* CARSHR.Ro.. * I_lcL_S,G.OUP,SC (35)
GROUP"1 CLASS"1

and:

2 7

HPTRUCK. c = _ _ (HPTcLA.,GROUP) . TRKSHRGRoUP . _lc_.,GROUP,.C (36)
GROUPs_ CLASSsl

HPCAR = Averagehorsepowerof automobiles,by size classSC

HPTRUCK= Averagehorsepowerof light trucks,by size class $C

HPC= Automobilehorsepowerby FEM size class CLAS$
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HPT = Light truck horsepower by FEM size class C/.,ASS

CARSHP,.= Domestic vs. import market share for automobiles, from OR.NL

TRKSHR = Domestic vs. import market share for light trucks, from ORb,U.,

The average horsepower of cars and light trucks is then calculated:

AHPCAI_e = _ HPCAR.¢ * PASSHRR.¢ 1371
SC -1

and:

AHPTRUCK.¢ = _ HPTRUCi_c • LTSHRI_c (38)
IC el

where:

AHPCAR = Average automobile horsepower

AHPTRUCK = Average light truck horsepower

Determine Regional Values of Fuel Demand and Vehicle Sales

Regional demand shares for ea_,, of eleven fuels are first initialized, ensuring that no region has

a zero share in the preceding time period, then grown at the rate of personal income growth in

each region, and renormalized so the shares add to 1.0:

TMC_YDA,.T
• "c-Yomio, (3,)SEDSHR, usL,._;,T -

{TMC_YD.., }_ SEDSHRFueL,.ec;,T.I* TMC_YDw;T. 4REGml - ,

where:

SEDSHR : Regional share of the consumption of a given fuel in period T

TMC_YD = Estimated disposable personal income by region REG

REG = Index referring to Cmnsusrqion

These shares are passed to other modules in the Transportation Model.

The distribution of new car and light truck sales among regions is then addressed. This process

takes several steps, and is based on the assumption that regional demand for new vehicles is

proportional to regional travel demand. The calculation proceeds as follows:
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Determine the regional cost of driving per mile:

COSTMIR_E_,T -- 0.1251 * MPGFLTT_

where:

COSTMIR = The cost per mile of driving in region REG, in S/mile

TPMGTR = The regional price of motor gasoline, in $/MMBTU

MPGFLT = The previous year's stock MPO for non-fleet vehicles

•1251 = A conversion factor for gasoline, in MMBTU/gal

Calculate regional income:

INCOMER_=_ r = [ TMC..YDnto,r ] 141)' TMC_POPAFOMEa,T

where:

INCOMER = Regional per capita disposable income

TMC_YD - Total disposable income in region RF.G

TMC_POPAFO = Total population in region REG

Estimate regional driving demand: 4

VMT16R, s=.T= pVMT16R,s=.T. _ + 130(1 - p) + p, (COSTMIR_tG. T - p COSTMIRns=.T.4 )
(42)

_6, (INCOMERnE=. T - p INCOMER,s=. T4 ) + 13s(PRFEMT - PPRFEMT-1 )

and:

VMTEERaEG,r = VMT16RaE=,r . TMC_POP16.s=,r . DAFt (43)

where:

VMI'16R = Vehicle-miles traveled per population over 16 years of age

PRFEM = Ratio of female to male driving rates

p = Lag factor for the difference equation

VMTEER = Total VMT in region REG

TMC_POPI6 = Total regional population over the age of 16

DAF = A demographic adjustment factor, to reflect different age groups' driving patterns

' The developmentandestimationof the VMT equationis describedin detaillater, in theVMT Model (Section3B-2).
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Calculate regional VMT shares (RSHR):

VMTEERR_.)
RSHR._,T = ' (44)

VMTEERR_,T
REG -1

Divide non-fleet car and light truck sales according to regional VMT shares:

NCSaE_,sc,T= NCSTSCsc,T, RSHRata,T (45)

and:

NLTS.s_,sc.T- NLTSTSCsc.T, RSHRasa,T (4S)

where:

NCS = New car sales, by size class and region

NLTS = New light Lruck sales, by size class and region

3A.3. AFV Model

The Alternative Fuel Vehicle (AFV) Model is a forecasting tool designed to support the Light

Duty Vehicle (LDV) Module of the NEMS Transportation Sector Model. This model uses

estimates of new car fuel efficiency obtained from the Fuel Economy Model (FEM)

subcomponent of the LDV Module, and fuel price estimates generated by NEMS to generate

market shares of each considered technology. The model is useful both to assess the penetration

of alternative-fuel vehicles and to allow analysis of policies that might impact this penetration.

RATIONALE

The objective of the AFV model is to estimate the market penetration (market shares) of

alternative-fuel vehicles during the period 1990-2030. The model provides market shares for

fourteen alternative-fuel technologies in addition to the conventional gasoline and diesel

technologies. The shares are projected in three stages. In the first stage the two conventional

technologies are allowed to compete with a single representative alternative-fuel vehicle

technology. In the second stage the overall alternative-fuel vehicle share is disaggregated among

eleven competitive alternative-fuel technologies. In the third stage the electric vehicle (EV) share

is distributed among four EV and hybrid technologies. Forecasts of vehicle-technology shares

are developed for each of the nine U.S. Census regions.

Energy Information Administration

40 NEMS Transportation Demand Model Documentation Report



The AFV model is an improvementover the predecessormodel used in the AEO 93, which
assignedmarketsharesto fourbasic alternativetechnologiesbasedon legislative mandates. That
model left no room for considerationof technological or market-drivenlimitations on the

penetrationof AFV's, thereby limiting its usefulness in evaluating the impacts of alternative

policies.

ALTERNATIVE SPECIFICATIONS
There arevery few currentmodelswhich attemptto estimatethe marketpenetration of alternative

fuel' vehicles. The methodology used in the AFV module is based on attribute-baseddiscrete
choice techniques and legit-type choice functions described in previous reports,s The attribute

coefficients used in the module are derived from'a legit discreet-choice 'consumer.preference
model commissioned by the state of California._ The methodology consists of the estimation
of a demand function for vehicle sales in the U.S. market and the derivation of coefficients for

the vehicle and fuel attributes which portraysconsumerdemand. Once the demand function has

been determined,projections of the changes in vehicle and fuel attributes for the considered

technologies are multiplied by the corresponding attributecoefficients to produce the market share
penetration for the various technologies.

An important limitition in estimating market share penetration of alternative fuel technologies

is the lack of experience in consumer use of alternative technologies. Only a limited numberof

alternative-fuel technologies are commercially available at the present time and the vehicle
options which are available are still in experimental stages of development resulting in

significantly high vehicle prices. Lack of data on previous consumerpurchases of alternative fuel

vehicles poses a significant obstacle in estimating an equation to forecast future market share
penetration. A stated preferencesurvey performedfor the CaliforniaEnergyCommission (CAC)

which asked consumerstheir vehicle choice preference in reference to hypothetical scenarios is

used in the AFV module. The demandfunction for personal vehicle choice determined from this

survey is used as the source for the attribute coefficients for the AFV module.7

sSe¢ Fulton, L.,New TechnologyVehiclePenetration:A Proposalfor anA nalyticalFn_newoek,Submitted toEIA,

OfficeorEnergymarketsand End Use,March 17,t991.

' The ¢,ocftici©nts of the vehicle attributes derived from the.Legit discrete choice model arc taken from Bunch, D.S.;
Bradley, M.; Golob, T.F.; gitamura, R.; Occhiuzzo, G.P., Demand For Clean Fuel Personal Vehicles in Cal_'omia: A
DLvcrete-CholceStatedPreferenceSuevey,CA C,Dec. 1991.

For a detailed explanation of the demand function estimation, see Bunch,D.S.; Bradley,M.: Bolob, T.F.; Kitamura,R.
lad Occhiuzzo, G.P., Demand for Clean.Fuel Personal Vehicles in California: A Dtscrele-C.hoice Slated Preference Survey,
California Energy Commission, ..'_cember 1991.
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The demand estimation incorporates a legit discrete choice model to calculate consumer vehicle

preference in relation to vehicle and fuel attributes. A survey was conducted in which

respondents were asked to express their preferences for vehicles based on vehicle and fuel

attributes. The stated preference survey consisted of a sample size of 692 respondents yielding

3460 observations. Based on the stated preference surveys a mathematical model was estimated

to account for consumer preferences in vehicle choice.

The demand function is a legit discrete choice model that can be represented as follows:

log ibi = 13,* p,X, * 13sX:*... * 13,X,* ¢,
I -P,

where P, is the probability of a consumerchoosingvehicle i, Bj is the constant, 13,are the

coefficientsof vehicle and fuel attributesand X, are vehicle and fuel att_butes.

The resulting specifications of the nested muitinomial legit discrete choice model for estimating

market share penetration of alternative fuel technologies from the stated preference survey are

presented in Table E-2 of Appendix E. The independent variables, coefficients, t-statistics,

sample size, and log-likelihood calculations are listed. The coefficient signs of the five

fundamental independent variables correspond with aprion expectations for consumer preference

and all the fundamental independent variables are significant in the model.'

The basic structure of the forecast component of the market share estimation for alternative fuel

vehicle sales is a three-dimensional matrix format. The matrix consists of I vehicle technology

types, K attributes for each technology, and T number of years for the analysis. Each cell C_,

in the C matrix contains a c_effcient reflecting the value of attribute k of vehicle technology i

for the given year l.'

The calculation of the market share penetration of alternative fuel vehicle sales is expressed in

the following equation:

' Several variat/ons for the diserete-choi_ stated preference model for al_mative fuel vehicle cboice were presented in

the California Enersy Commission report, however, the nested multinomial Iosit model presented in Table 2 is the prefenrcd
model to use in the AFV module.

t The forecutin8 methodoJosy is based on the methodolosY defined in the Decision Analysis Corporation of Virsini8
Report, A Itemath_e Vehicle Sales Module: Design of the Modelm$ Fmework _d Prototype Module Description, for Energy
information Admiaismttion,Tuk 91-1]'/. September 30, 1991.
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" Pit. • v"
S. =P. =_ -_-, P,. ..........n-I I

E eV,.
idt

where:

Sit= marketsharesales of vehicle typei in yeart,
Pit = aggregateprobabilityover populationN of choosingtype i in yeart,

n - individualn frompopulationN,

Fire= probabilityof individualn choosing type i in yeart,
Vim= a functionof the K elements of the vectorof attributes(A) and coefficients(B), generally

linearin parameters,i.e.:

V = B,X, + B_X:+... + B_X_

and V is specific to vehicle i, yeart, and individualn.

The above equation asserts that the share of each technology is equivalent to the aggregate

probabilityover the populationof choosing thattechnology,which is producedby summing the

individual probabilityfunctions. The individualprobabilitiesare a functionof the ratioof the

V's (taken as an exponential). The market share of each vehicle type is ultimatelydetermined

by its attributesrelative to the attributesof all competing vehicles.

The C matrixrepresentedbelow is a simple illustrationof the matrixformatused in the market

share calculation. For simplicity, a 4 by 4 matrix of four vehicle types (i = 4) and four attributes
!

(k = 4), for individual n in year t, has been chosen.

C_=(B_X_k) k=l k=2 k=3 k=4

Vt=_tk i=1 C:t C:2 C:3 C:,l
iiii

V2=_,C_ i=2 C2: Cn C_ C24

V3f_.C3k i=3 C31 C32 C33 C3,8

V_fEC4k i=4 C41 C4_ C43 C.
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The factor C't_represents the product of the coefficient 13_kderived from the demand function and

the attribute value X,k for vehicle type i and attribute k.

The coefficients of the vehicle attributes in the AFV module are assumed to remain constant over

time. This enables the calculation of the C matrix to be less cumbersome; however, the

methodology can utilize either changing or constant coefficient values for the vehicle attributes.

The C matrix is replicated for each year of the analysis and for each target group incorporated

in the study. The scope of the AFV module covers a 40 year time period with 9 regional target

groups, three size classes and three scenarios. A V value is produced for each of the vehicle

technologies, and for each of the target regions, size and scenario during each year of the study.

A separate IKT matrix must be calculated for each individual in the population, or at least for

each group of similar individuals. It is necessary to calculate P_=separately for each group and

average to obtain an aggregate probability and market share for each vehicle type. However, a

single IKT matrix can be calculated by taking one additional step. An aggregate IKT matrix

which epproximates the results obtained by taking an average probability can be calculated over

the individual matrices. This is dependent on the condition that the average probability function

over the population equals each group probability function, not just the average of all functions.

Demographic variables can be used to subdivide the population into similar groups in order to

approximate this condition. These variables can be incorporated into the V, expression as

dummy variables, which produce separate coefficients for each population group. An example

of demographic variables which subdivide the population could be family size or income level.

A separate dummy variable would be used for each family size category or income level category

found in the population _°.

The following equation illustrates how including demographic variables, the aggregate probability

function approximates each individual probability function.

e ¥•

P,_ Pi,,foralln • Pa_.

E eV .
i.4

Where V_tis a function of the K-size attribute vector containing elements taken as averages over

segments of the population N, with these segments defined by ciummy variables.

This allows estimation of the model using a single IKT matrix over the population.

toThe number of dummy variablesrequiredin subdividingthe population is one less than the number of groups so that if
5 family size groups were included in the modulo4 dummy variableswould be required.
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MODE_, STRUCTURE

The AFV module operates in three stages, using a bottom-up approach to determine the eventual

market shares of conventional and alternative vehicles. Results from.the lower stages are passed

to the next higher stage in the sequence. The first step in the calculation involves the evaluation

of Stage 3, in which market shares of one type of alternative vehicle, Electric Vehicles and

associated hybrids, are determined.. These results are then passed to Stage 2, in which market

shares for all alternative vehicles are estimated. The average characteristics of alternative

vehicles are subsequently passed to Stage 1, where the final mix of alternative and conventional
vehicles is calculated.

An additional constraint is included at each stage of the market share calculation which

incorporates commercial availability of the alternative.fuel technology The aggregate probability

function assumes that all technologies are fully developed and available to the consumer at the

present time. This assumption does not hold true for most of the alternative-fuel technologies,

which at the present time still remain in development stages. Therefore, an upper limit constraint

is placed on the market share penetration of alternative vehicle sales corresponding to the

expected development and commercial availability of alternative fuel vehicles. This constraint

applies to the early years and is gradually reduced :_rough the forecasting period, via a logistic

curve for each technology. The equations usociatec with each stage of the model are presented

below, in order of execution.

The Alternative Fuel Vehicle Model flowchart is presented in Figure 3A-3 below. More detailed

sketches of AFV calculations are presented at the end of Section 3A.

STAGE 3

Stage 3 of the AFV module determines the market share of each of the four EV technologies

considered in the model. These market shares are used to characterize a prototypic EV when all

alternative vehicles are considered in Stage 2. The steps involved in Stage 3 are described below.

1) Calculate the weighted average fuel price for each EV technology, by region.

( RFP,..L,.a • FAVAIIq,u.,..ns.)
AFCOSTuv.c.Ma = ,usa (47)

' _ FAVAiLvu.L,a
I,Uil.

where:

AFCOST = Electric,vehicle fuel price, in 19905 / MMBTU
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RFP = Priceof each fuel usedby the CorrespondingEV technology

FAVAIL= Relativeavailabilityof the correspondingfuel
F,VTECH = Indexreferringthe electricvehicle technolosy

FUEL = Index refen'in8to fuel usedby technologyEVTECH

2) Calculate EV operating costs, by region.

COPCOSTamc_a.. AFCO$TwITc_.a
" E,ASEFF V_F'FSrU._c. (U)

where:

COPCOST - Fuel operatin8costs foreach technology, in 1990 cents per mile
BASEFF- Baselineefficiency of psoline internalcombustionensines (ICEs),in MPG

VEFFBTU = Efficiencyof a siren EV technolosy relativeto the gasolineICE

3) Determine fuel availability relative to gasoline, FAVAILzv.rzcs.uo,using the highest value

associated with any of the fuels used in electric hybrids.

FAVAILEvn¢_uG " MAX ( FAVAIL...L,uG ) (4S)

4) Calculate the logit function inputs from the attributes and coefficients, by region.

EVECTtvTtc_uG = EXP [ BETACONSTevTec.+ _ VPRICEtvnc . + I_=COPCOSTevnc.,uo

+ _ VRANGEEvTEc.+ _4VRANGE:vnc. + _sVEMISSsvTs¢. (50)

+ 13.VEMISS_vTE¢.+ _y FAVAILEvTEc_uo + _. FAVAIL_vTEc_R.]

where:

BETACONST= Constantassociatedwith eachEV technology

VPRICE= Priceof each EV technologyin 19905

VRANGE= Vehicleranse of the consideredtechnology

VEMISS= Emissionslevels relative to 8asolineICE's

5) Calculate EV market shares, by region.

APSHR33ev.r,c..m. = EVECTev'rec.,uo. COMAVAILev.nc.4 ....
( EVSCTev_c.,.eo • COMAVAILIvnc . )

EVT|CH,4

where:

APSHR33= Relative marketsharesof each EV technology

COMAVAIL= Commercialavailability of each technology
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Figure 3A-3. Alternative Vehicle Model
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6) Calculate average market shares across Census regions:

I

1 (52)
APSHR33eVTEC.: _ _ APSHR33EVTEC..REORiG 1t

7) Determine the characteristics of a prototypical EV technology by weighting the individual

technologies' characteristics by their respective market shares.

4

_mv: _ _ev'r,:¢."APSHR33EvTEc. 1531
EVTECH,4

where _F_.vdenotes the average attributes of the EV technologies: vehicle price, efficiency,

relative emissions, range, commercial availability, and alternative-specific'constant. A similar

procedure is used to characterize regional attributes such as fuel price and availability, and

operating costs. These attributes are used as inputs in the Stage 2 subroutine.

STAGE 2

Stage 2 determines the relative market shares among the set of alternative vehicles. The result

of this step is a prototypic AFV whose characteristics are determined by the market share-

weighted attributes of all 11 alternative vehicle types. The sequence of calculations replicates

those conducted in Stage 3, and is presented below.

8) Calculate the weighted average fuel price for each AFV technology, by region.

(RFPFuEL.eEo• FAVAII_uEL.aEo)
AFCOSTAFvTEc.,REo = FUEL 1541

FAVAI_uEL.aEO
FUEL

where:

AFCOST = Alternative vehicle fuel price, in 19905 / MMBTU

AFVTECH ffiIndex referringto AFV technology

9) Calculate AFV operating costs, by region.

AFCOSTA_nC.,Uo (55)
COPCOSTAevTEC"'MeO: BASEFF• VEFFBTUt,vTEc.

where:

COPCOST = Fuel operating costs for each technology, in 19905 per mile
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VEFFBTU= Efficiencyof a givenAFV technology_clativeto the gasolineinternalcombustionengine

I0) Determine.fuel availability relative to gasoline, FAVAIL^Fv_c,_ G, which is set to the

highest value associated with the group of fuels used in multi-fuel vehicles.

FAVAIL_.rrec..me, = MAX ( FAVAIl._ue,..me.c;) {S6)

1I) Calculate the logit function inputsfrom the attributesand coefficients, by region.

AFVECT_nEc,.u . = EXP [ BETACONST_.vqc, + 13t VPRICE_.v_c, + 132COPOOST_yeec,.Reo
(ST)

+ 13:VRANGEAmrmc,+ 13,VRANGE_rvn¢, + P. VEMISSAmrmc.

+ 13,VEMISS_nc. * 13,FAVAIL..nc.,.eo * 13,FAVAIL_mrrec.,uo]

where:

BETACONST= Constantassociatedwith eachAFV technology

VPRICE= Price of each AFV technology in 19905
VR.ANGE= Vehicle rangeof the consideredtechnology
VEI_SS = Emissionslevels relativeto ga_31ineICE's

12) Calculate AFVmarket shares, by region.

APSHR22*_nc". mea= ,1 AFVECTA'vnc""te°" COMAVAIL*_n¢"• (ss)
E ( AFVECTA.nc.,eeo • COMAVAILA,vnec.)

AI_/TECH ai

where:

APSHR22= Relative marketsharesof each AFV technology

COMAVAIL- Commercialavailabilityof each technology

13) Determine averagecharacteristicsof AFV's for each region, for use in Stage 1.

11

_I'A_.HO= _ _*_TeC,.,EO" AFVMSH,_nc,.ne_ 1591
AFVTECH,,I

STAGE 1

Stage 1 determinesthe final mix of conventionaland alternativetechnologies, using the share-
weighted, average characteristics of AFV's determined in Stage 2. Three technologies are

considered in this stagei gasoline, diesel, and alternatives.
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14) Calculate the logit function inputs from the attributes and coefficients, by region.

VECT_¢.,uo = EXP [BETACONST_c. * J3,VPRICE_c. . 13zCOPCOST.c.,.,a

• J3,VRANGF._c. . J3,VRANGE_Ic.. J3,VEMISS.c. (60)

. J3,VEMISS_c. + 13,FAVAIL_c_. , . j3eFAVAII._c.,.. ]

where:

BETACONST = Constant associated with each teehnolow

VPRICE - Price of each tochnology in 1990S

VRANOE = Vehicle range of the considered technology

VEMISS = Emissions levels rclat/ve to gasoline ICE's

7F.CH = Index term'ringto the three majorvehicle technologies: gasoline, diesel & alternative

15) Calculate market shares, by region.

VECT_¢.,I.a • COMAVAIL_¢.
APSHR11.c.,uo m

(VECT_c.,mIG• COMAVAII.mc. )
(61)

T|CH

where:

APSHRI 1 = Relative market shares of each technology

COMAVAIL = Commercial availability of each technology

16) Average market shares across nine regions.

1 '
APSHR11TKc.- _ _ APSHR11_c,,u. (62)REG,4

The final step is to combine the market sharesof the preceding three stages to produce absolute

market shares of each of the sixteen technologies addressed in this model. The absolute regional

market shares of gasoline and diesel vehicles remain unchanged from those calculated in Stage

l, the AFV market shares from Stage 2 are adjusted by the total alternative market share from

Stage l, and the EV market shares from Stage 3 are modified by the adjusted electric vehicle

market share. These values are placed in APSHR44xT_o , where IT represents the expanded

sixteen technologies.

For gasoline and diesel vehicles (TECH- 1.2):

APSHR44,T,R. . APSHR33_c_,..a (63)
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For non-electric AFV's (TECH = 3, AFVTECH_: 9):

APSHR44sT.aEo= APSHR33AFv , APSHR22ArVTEC. (64)

For electric AFV's (TECH = 3, AFVTECH= 9):

APSHR441T.aE_= APSHR33Apv * APSHR22tv * APSHR11EVTECH (65)

Regional sales of new cars and light trucks may then be calculated, disaggregated by six size

classes and by technology:

NCSTECHIT.RtG.8c = APSHRIr.RtG.sc, NCSRs_.sc (66)

and:

NLTECI-_T.RE_.sc =APSHR1r.nt_.sc , NLTSAsG.sc (67)

where:

NCSTECH= Regionalnew carsales, by size class and technology
NLTECH= Regionalnew light trucksales, by size class and technology

APSHR= Absoluteregionalmarketsharesof each vehicle technology

NCS = Regional new carsales, from the Regional Sales Model
NLTS= Regionalnew light trucksales, from the RegionalSales Model

These values are subsequently passed to the LDV Stock Module, in which the average attributes

of the fleet of private light-duty vehicles are determined.

Energy Information Administration

NEMS Transportation Demand Model Documentation Report 51



Figure 3A-4. Fuel Economy Model l: Economic Mm_t Shine Calculation
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Figure 3A-5. Fuel Economy Model 2: Engineeling Notes
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Figure 3A-6. Fuel Economy Model 3: Weight and Holsepower Calculations
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Figure 3A-7. Fuel Economy Model 4: CAFE Calculations
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Figme 3A-8: Alternative Fuel Vehicle Model Stage 3
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Figure 3A-9: Alternative Fuel Vehicle Model Stage 2
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Figure 3A-10: Alternative Fuel Vehicle Model Stage 1
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3B. LDV Stock Module

The Light Duty Vehicle Stock Module takes sales and efficiency estimates for new cars and light

trucks from the LDV Module, and returns the number and characteristics of the total surviving

fleet of light-duty vehicles, along with regional estimates of LDV fuel consumption.

The Light Duty Vehicle Stock Module flowchart is presented in Figure 3B-I below. More

detailed sketches of LDV Stock calculations are presented at the end of Section 3B.

3B.1. LDV Stock Accounting Model

RATIONALE

The existing stock model is perhaps the most important transportation sector model, since by far

the largest portion of transportation energy consumption is accounted for by light duty vehicles

that are at least a year old. The LDV Stock Accounting Module takes the results of the LDV

Module, i.e., the number and characteristics of newly purchased cars and light trucks, and

integrates those into the existing stock of vehicles, taking into account vehicle retirements and

vehicles which are transferred from fleets to private ownership. The result is a snapshot of the
"average" car for each region.

These characterstics are passed to the VMT Model, which determines the average number of

miles driven by each vehicle in the current year. The product then becomes the regional fuel

consumption estimate.

I

.ALTERNATIVE SPEClFICATIONS
No alternativemodelswereconsidered.

MODEL STRUCTURE

The flowchart for the LDV Stock Module is presented below in Figure 3B-1. More detailed

flowcharts are presented at the end of this section.
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Figure 3B-1. Light Duty Vehicle Stock Module
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The first step is to calculate total vehicle sales by technology for the current time period:

TECHNCS,T = _ _ NCSTECI'I_:.Ho,,¢
IIC "1 RliG -1

and: (68)

TECHNLT,v- _ _ NLTECI_:.uuc
IIC -1 REG -1

where:

TF_HNCS= To_ainewcarsales,by technology
TECHNLT= Totalnew fighttrucksales,by technology
NCSTECH= Newcarsales,byregion,.sizzclass,andtechnology,fromtheAFVModel

NLTECH = New light truck sales, by region, size class, and technology, fi,om the AFV Model

These variables are assigned to the first vintages of the automobile and light truck stock arrays,

and the population of subsequent v!-_tages are calculated:

PASSTI_T,v,.T.= PASSTI_T,w.T-t,v-, * 8SURVPvm-1

and: (Sg)

LTSTK.,vI._:_ LTSTKIv,vm-I,T" SSURVLTvm.,

where:

PASS'IX = Surviving automobile stock, by technology and vintage

LTSTK = Surviving light u-ack stock, by technology and vintage

SSURVP = Fraction of a given vintage's automobiles which survive

SSURVLT = Fraction of a given vintage's light trucks which survive

VINT = Index referring to vintage, or age of vehicle

The model encompasses ten vintages, with the tenth being an aggregation of all vehicles 10 years

old or older. SSURVP and SSURVLT thus each contain ten values measuring the percentage

of vehicles of each vintage which survive into the next year. These values are taken from the

ORNL Transportation Energy Data Book, which lists scrappage and survival rates for 25

vintages. Survival rates for vintages 10 through 25 were simply averaged to collapse ORNL's

25 vintages into the 10 used by the Transportation Model.

The stock of selected vintages and technologies calculated above is then augmented by a number

of fleet vehicles Which are assumed to roll over into the non-fleet population after a number of

years of fleet service:
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I

PASSTI_T,_,.I - PASSTI_T.Tv,.T. OLDFSTKc.A,_.:.,_c.._.T

and: (70)

LTSTI_T,Tv,.T- I_TSTI_,Tv,.T• OLDFSTK_.uc_.L,_c.,Tv,.T

whe_:

OLTFSTK= Numberof'fleet vehicles rolledover into correspondingprivatecategories

TVIHT= Transitionvintage: vintage at whichvehicles of a given type are tnmsferr_

TYPE = Type of fl_t vehicle: Business,Oov_mcnt, or Utility
ITECH= Index for the six fleet vehicletechnologies: mappedto correspondin&/Tindex

Total stocks of cars and trucks are then determined by summing over vintages and technologies:

1o 15

8TKCAR_ = £ £ PASSTI_:.,,,.,
VINT-1 IT -1

and: (71)

t0 tl

STKTR_ = £ _ LTSTI_v.v,..,,
VINT-1 IT-1

STKCAR = Total stockof non-fleetautomobilesin yearT

•STKTR= Total stockof"non-fleetlighttrucksin yearT

The share of each technology in the tOtal LDV stock is finally calculated:

IO

' _ (PASSTK_'.m:.v "_LTgTI_'.m:, x) (72)
VSPLDV,T,T= w.T-,

8TKCAR, + 8TKT_

VSPLDV= The light duty vehicle sharesof each of the _ vehicle technologies

The above variables are then passed to the subroutine TMPGSTK to determine average fuel

ef_ciencies of' the current year's stock of" non-fleet vehicles.

Cadculate Stock F.fficiencies for Can and Ught Trucks

Overall fuel efficiency is calculated as the weighted average of` the ef_ciencies of' new vehicles

and the efficiencies of" the surviving vintages. The Alternative Fuel Vehicle ]V/bclel generates
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efficiency estimates for fifteen non-gasoline technologies in three size classes, with no distinction

made between cars and light trucks. Because conventional truck efficiencies are generally lower

than automobiles in the corresponding size class, a series of ratios is first calculated in order to

adjust downwards the AFV efficiency estimates of light trucks:

RATIOAsc.T = AMPGTAsc'T (73)
AMPGC,sc.T

where:

AMPGT = The average _ of trucks, in three size classes

AIVlPGC= The average _ of cars, in three size classes

A SC = The three AFV size classes, onto which the six primarysize classes are mapped

The average efficiencies of the fifteen non-gasoline technologies are calculated as follows:

MPGC,TT : .__
' Asc-t NAMPGIT.ASC,T

and: (74)

MPGT,TT : 3 MSHLT,T.,sc.T
' ,_., NAMPG,T.AaC.T* RATIOAsc.T

where:

IvIPGC = New car fuel efficiency, by engine technology

MPGT = New light truck fuel efficiency, by engine technology

MSHC = The share of cars of size class A SC and technology/T in total car sales, from the AFV

model

MSHLT = The share of light trucks of size class ,d SC and technology/7" in total light truck sales

NAMPG = New AFV fuel efficiency, from the AFV model

For conventional technologies, wl-en IT refers to gasoline ICE's, the calculation is similar, but
over six size classes:

1MPGCITT = MSHC'T'sc'T
' sc-, NCMPGsc.T

and: (75)

MPGT, TT : __
' sc-_ NLTMPGsc.T

where:

NCMPG = New car MPG, from the FEM model
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_VLTMPG= New light truck MPG, from the FEM model

The average fuel efficiency across all technologies is then calculated for cars and trucks, and the

result sent to the report writer:

ANCMPG T = [ _ APSHRNCIT'T,T-I MPGCIT.T

and: (76)

[_ APSHRNT,,,ANTMPG T =
LIT -t M PGTIT.T

where:

ANCMI'G = Average new car MPG

ANTMPG = Average new light truck MPG

APSHRNC = Absolute market share of new cars, by technology, from the AFV model

APSHRNT = Absolute market share of new light trucks, by technology, from the AFV model

The overall fuel efficiency of cars and light trucks is then calculated across the ten vintages

addressed in the model. :_ Since older vehicles are driven less than newer vehicles, it is necessary

to weight the fuel efficiencies of each vintage according to the average number of miles driven.

Thisis done by summing the total number of miles driven across all vintages and technologies:::

15 10

TOTMICT, : _ _ PASSTK_T.,v.T • PVMT, v
IT =I IV =I

and: (77)

le 10

TOTMITT, = E _ LTSTI_*.,v.* * LVMT, v
IT ,,I IV -I

where:

TOTMICT = Total miles driven by cars

TOTMITT = Total miles driven by light trucks

PVIvfr = Average miles driven by each v/ntage of automobile, from RTECS

LVMT = Average miles driven by each vintage of light truck, from RTECS

The next step is to calculate the total energy consumed across all vintages and technologies of

cars and light trucks. Since the on-road fuel efficiency of cars and trucks degrades over time,

:: Initial (1990) values for on-roadcar and light truckfleet MPG are obtained from the 1991 RTECS,

:2Vehicle-miles calculated in this step are used to establish relative driving rates for the various technologies. Actual
travel demand is generated by the model in a subsequentstep.
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vintage fuel efficiencies must be adjusted using degradation factors (which are assumed to remain

constant over time):

,e 1o PASST_T,VT . PVMTav

O" OT CF,
and: (78)

16 _'_'° LTSTI_T.,v.T * LVMTIvTMPGT T E TrMPQST,..v.,• LT.,IT -t I

where:

CMPGT = Automobile stock MPG

TMPGT = Light truck stock MPG

CMPGSTK = Automobile stock MPG, by vintage and technology

TTMPGSTK = Light truck stock MI_, by vintage and technology

CDF = Automobile fuel efficiency degradation factor

LTDF = Light truck fuel efficiency degradation factor

Stock fuel efficiency is then simply the ratio of total travel to total consumption for cars and light

trucks:

SCMPG T = TOTMICTT
CMPGT T

and: (79)

TOTMITT T

STMPG T = TMPGTT

Combining the results for cars and trucks provides the average fuel efficiency for all light duty

vehicles:

MPGFLT = TOTMICTT + TOTMITT, (80)
CMPGT T + TMPGT T

where:

SCMPG = Stock MPG for automobiles

STM_I_ = Stock MP(3 for light trucks

MPGFLT = Stock MPG for all light duty vehicles

These fuel efficiency figures are combined with the results of the subsequent VMT module to

determine the actual fuel consumption by light duty vehicles.
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3B-2. VMT Model

The travel demand component of the NEMS Transportation Model is a sub-component of the

Light Duty Vehicle Stock Module which uses NEMS estimates of fuel price and personal income,

along with population projections to generate a forecast of the demand for personal travel,

expressed in vehicle-miles traveled (VMT). This is subsequently combined with forecasts of

automobile fleet efficiency to estimate fuel consumption.

RATIONALE

Because personal automobile travel accounts for such a significant fraction of total energy

consumption, it is important to ensure that the model which forecasts this travel demand be as

accurate as possible. This accuracy is measured not so much by the predictive "success" of the

model, but by the sensitivity of the model to the economic and policy levers which are of

concern to the users, and by the ability of the model to respond to both short-term economic

factors, and long-term demographic and structural trends. The model described in this section
l

is an attempt to provide a more intuitive and inclusive approach to demographic influences in the
estimation of travel demand.

The predecessor VMT forecasting model was developed following an assessment of the

alternative models described below. While both fleet-based and driver-based systems have

appealing characteristics and are useful under certain modeling conditions, the latter of these

approaches was considered to be most ..appropriateto the needs of the model. This is because

the fleet-based approach relies to a greater degree on the continuation of past trends, and cannot

explicitly address many of the underlying factors that may lead to shifts in VMT growth patterns

in the future, while a driver-based approach allows explicit modeling of the factors that may

"bend the curve", such as the aging of the population.

A driver-based approach takes the following form:

VMTTo.' =f VMT _f LicensedDrivers _ ..
I_EicensedDriver)_'Drivi--__ Potion) (DrIvIng

Age Population)

Forecasting two of the three terms of this equation is relatively straightforward. A forecast of
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the driving-age population is provided by the Census Bureau, _3 and licensure rates for most

segments of the population are rapidly approaching unity. Therefore the principal task is to

accurately forecast VMT per driver.

The functional form chosen to forecast VMT per driver in the 1992 Annual Energy Outlook

(AE092) is an incremental modification of the econometric model used in the AE091. Due to

the limited (20 year) forecast period, it was con,genient and defensible to consider society's

demographic structure to be relatively static and uninfluential over trends which may be

effectively characterized in the aggregate by economic variables. In a longer term forecast,

however, projections of economic variables and the population's responses to them become more

ambiguous, whereas the effects of gradual demographic change are expected to become more

pronounced. This revised model, presented below, has been considered an interim step in the

development of a longer term model which is more sensitive to structural change:

LnVMTPC=o_ + _,(LnCPM) + _=(LnYPC) * _3(LnIN20/N.))

where:

VMTPC - VMT per driving age population.

CPM = Average fuel cost per mile of driving, expressed in 1982 dollars.

YPC = Income per capita, expressed in 1982 dollars.

N2o, N_5 = The population between the ages of 20-29 and older than 65, respectively.

This model replaced a previous VMT forecasting model in which fuel price and disposable

income were the only factors influencing the growth of VMT. One consequence of that

formulation was that per capita driving rates were forecast to grow without moderation--an issue

that the inclusion of the demographic parameter was designed to address.

This specification was based on the notion that the rate of growth of per capita VMT should

decline over time, as the population ages. The use of the ratio of the number of twenty to twenty

nine year-olds to the number of those over the typical retirement age of sixty-five was an attempt

to characterize the changing demographic structure of society. This ratio has been forecast to

decline over the forecast period, and served to moderate the growth of VMT without constraining

its trend to an a priori limit. In summary, this model placed a moderate demographic constraint

on VMT growth, while using the same price and income regressors as were employed in the 1991

AEO. This constraint L_,ered the near-term VMT forecast without resorting to the artifice of

13 Projections of the Population of the United States. by Age, Sex, and Race: 1988 to 208(], U.S. Department of
Commerce, Bureau of the Census, Current Population Reports Series P-25, No. 1018 (Jan. 1989).
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imposing ad hoc limits to growth. This model, however, was somewhat compromised by the

rudimentary demographic influence and by the absence of effects rising from changing female

driving patterns. The VMT model implemented in NEMS has been designed to address these
concerns.

AL TERNA TIVE SPECIFICATIONS

The projection of VMT is rarely an end in itself; levels of personal travel demand are generally

used as an intermediate step in the estimation of various factors which are influenced by driving

levels. The following pages briefly describe several VMT forecasting methods currently being

used by various agencies, and were considered in the development of the NEMS VMT

forecasting model. The form that each model takes is a reflection of the concerns of the

commissioning agency, the purpose to which the model is to be put, the time scale of the

forecast, the availability of adequate data, and the preconceptions of the model designers.

The models described below are representative of the following three basic forecasting

approaches typically used to project VMT. The fleet-based approach, which uses estimates of

the distances driven by each vehicle, disaggregated by vintage, and linear projections of vehicle

stock to project total VMT in a given year, is useful in predicting fuel consumption and pollutant

emissions. Secondly, the demographic approach combines estimates of distances driven by each

driver, disaggregated by age, and age-stratified population projections to determine VMT. This

is a simple method which relies on projections made from readily available data, but which may

be affected by overlooked economic or regional factors. Finally, the economic approach uses

estimates of vehicle operating cost and other economic parameters such as personal income as

predictive variables. Such approaches are commonly used for national-level forecasting, and have

a high explanatory power. However, their reliance on forecasts of economic variables and the

neglect of potential saturation effects renders such models relatively unstable in the mid- to long-
term.

A fourth approach to VMT forecasting, trip generation, is a site-specific method which involves

forecasting the number of trips taken, and predicting destinations, travel modes, and routes. This

is a data intensive approach which is typically used on a local or regional level to predict road

congestion and demand for mass transit, and was not considered to be commensurate with the

requirements of NEMS.

FHWA/Faucett VMT Forecasting Model: FHWA, and DOT in general, uses this model designed

by Jack Faucett Associates. The model is a generalized difference equation, using a log-linear
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econometric form, which consolidates the previous models used by the Department of

Transportation. It is designed for both short and long range forecasting of VMT and vehicle

stock on a national level for five categories of vehicle: personal use vehicles and four separate

truck categories. The growth rate for VMT is estimated to be constrained by fuel price increases,

forecast to begin in 1987 and continue at an increasing rate; and a tapering off in the expected

rate of increase in the number of driver licenses per thousand population.

The forecasting model for personal-use vehicles used by FHWA takes the following form:

LVMTPUPCt = o_+ pLVMTPUPC,.4+ 131(LPIPC, - pLPIPC,4)
+ 132(LTCXDP, - pLTCXDP,.,)
+ p,(LDLPK_-pLDLPKt_d
+ 13,(FSD,-pFSDt.,)

where:

LVMTPUPC = Log of personal-use VMT per capita

LPIPC = Log of personal income per capita

LTCXDP = Log of vehicle operating cost index deflated by CP114

LDLPK = Log of number of driver licenses per thousand population

FSD = Fuel shortage dummy _5

p = The lag factor, set to 0.6017

The primary constraint in an econometric approach is the increasing uncertainty of price and

macroeconomic projections in the mid- to long-term. The sensitivity of the model to fluctuations

in these variables serves to increase the uncertainty of the projection towards the end of the

forecast period.

MOBILE4 Fuel Consumption Model (EPA): While most models used by EPA concentrate on

the local or regional level, its fuel consumption model makes forecasts of nationwide VMT. The

MOBILE4 Fuel Consumption Model (M4FC) is used by EPA's Office of Mobile Sources in

conjunction with its MOBILE4 Emissions Model to estimate individual states' degree of

attainment of ambient air standards. M4FC is a fleet-based model which uses linear projections

of vehicle stocks by type, subsequently estimating miles per year according to type and vintage.

There are few demographic influences in the model. VMT in this model is estimated using

1_The operatingcost indexcomprises a weighted average of fuel costs, fuel efficiency forecasts, maintenancecosts,the
purchaseprice of new vehicles, and an assumedforecast of real increasesin the cost of insurance.

15 The fuel shortage dummy is set to zero, but is included to test, at the option of the user, the impact of an abnormal
disruption in fuel supplies.
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vehicle stock projections, age distributions, and mileage accumulation rates as follows: 16

VMT:oTA,: I)-_I VMT _ * (% of Vehicles),g.• (Total Vehicles)
_Ve-'h'_le)A,.

Although a stock-based model can provide a more robust extended forecast than one based solely

on econometric methods, there remain concerns about such a model's sensitivity to deviations

from vehicle purchase and scrappage-rate assumptions. These assumptions are predicated on

expectations concerning consumer behavior and technological innovation, which are not easily

projectable. The M4FC model is a revision of an earlier model, M3FC, and incorporates factors

which attempt to reflect society's evolving driving patterns, assuming, somewhat optimistically,

the eventual congruence of male and female driving characteristics.

_e Consumer Automotive Response Model (CAR]: This transportation model, which is used

by the EPA Policy Office, may be distinguished from that used by the Office of Mobile Sources

by its ultimate purpose. While the MOBILE4 model uses a fleet-based approach to estimate

emissions of specific pollutants, the model used by the policy office takes an econometric

approach to forecast the effects of various policy options such as the impact of a gas tax on

VMT, and consequently, on criterion pollutant emissions.

The CAR model is a discrete-choice, logi_;model which is based on Kenneth Train's Consumer

Choice Model which was originally prepared for the California Energy Commission. It comprises

a system of submodels which separately forecast vehicle ownership and stock characteristics, and

miles traveled in. each vehicle at the household level. The personal travel portion of Train's

model forecasts VMT in four categories: intra- and inter-city work and non-work travel, using

the following log-linear econometric form:

Log(VMT) = 13Z

where 13 and Z are vectors of parameters and explanatory variables, respectively. _7 These

explanatory variables include logarithms of the household income and size; the operating cost of

each vehicle, in cents per mile; the number of workers in the household; the number of transit

trips per capita in the area in question; and several dummy variables identifying the urban density

16 Information on the MOBILE3 and MOBILE4 Fuel Consumption Models have been obtained through conversations
with Phil Lorang and Mark Woicott of EPA's Emissions Control Division, and from Forecasting Vehicle Miles Traveled and

Other Variables That Affect Mobile.source Emissions, prepared for EPA by RCG/Hagler, Bailly, InG., 8/18/88.

17 From K. Train, Qualitative Choice Analysis: Theory, Econometrics, and an Application to A utomobile Demand,
1986, Chapter 8.
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and geographic region of the household. The operating cost of each vehicle is further considered

to be an endogenous variable, as it is implicitly defined by each household's purchase decision.

This parameter is therefore determined by a variety of exogenous demographic variables such as

the age, sex, and education level of the household head; the regional gas price and the commuting
distance.

This model represents a rather detailed merging of econometric and demographic approaches to

forecasting. It is a relatively complex model, involving the independent forecasting of a large

number of exogenous variables. The descriptive ability of the original Consumer Choice model

does not appear to be enhanced by its level of detail, however, as the R-squared of 0.114 for the

one-vehicle household submodel does not explain a significant level of .variation in the data.Is

A demographic model which is sensitive to economic conditions, but at a lower level of

complexity may provide the basis for a credible long-term VMT forecast.

Transportation Energy and Emissions Modeling .System (TEEMS): Developed by Argonne

National Laboratory, TEEMS is a series of disaggregate models, linked to produce forecasts of

transportation activity and energy demand. The models cover both freight and passenger

transport, with personal and fleet vehicles being separately addressed.

This is a combination demographic and stock model, based on forecasts of distributions of

household characteristics. It is based on Kenneth Train's Consumer Choice Model, and depends

on changes in the distribution of the sample of households, not on average characteristics. In the

section which determines an estimate of personal travel, a matrix is constructed using data from

the 1983 Nationwide Personal Transportation Study (NPTS), which is then adjusted to represent
1985 conditions. 19 The VMT estimate is calculated as follows:

E' f VMT '1 (Vehicles _ (Households)=.,,
VMTTo_,,

c.,i.4_Vehicle)c..Household)c..

The survey sample is stratified into cells according to the following six household attributes:

1. Location (three categories)

2. Income (four categories)

3. Age of Householder (four categories)

18
K. Train, op. cir., p. 165.

19 For a detailed description of TEEMS, see: Mintz, M.M., and Vyas, A.D., Forecast of Transportation Energy

Demcmd Through the Year 2010, Argonne National Laboratory Report, ANL/ESD-9, April 1991.
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4. Household Size (four categories)

5. Number of Drivers (four categories)

6. Number of Vehicles (four categories)

Distributions of households by demographic attribute are independently forecast, and the
occupancy of each cell in the future is estimated. This model contains elements of all three of

the considered model types, but is primarilya stock model with a pronounced demographic
influence. Thestratifiedapproachto forecastingis useful, in that it provides for the consideration

of selected discrete characteristics,permitting an evaluation based on particular,quantifiable
attributes.

Two dangers of this approachlie in specifying a broader stratification scheme than can be

supportedby the availablesample, resulting in underpopulatedlevels; and the potential for the
disproportionateinfluenceof extremedata. As mentionedabove, this model's reliance on vehicle

purchaseand scrappageprojections,as well as its assumptionof a static distributionof VMT per
vehicle may have to be revisedin orderto use the model for forecasts extending several decades.

This model also requires the independentforecast of a large number of exogenous inputs,

consequently increasingthe likelihood of significant impacts from the propagationof errors.

.FHWASvreadsheetForecast: This model was developedon a spreadsheetsystem for the Federal

Highway Administration. It was used by FHWA in 1987 to produce a series of forecasts of

automobile and light truck VMT throughthe year 2000. It representsthe base case in a series
of forecasts producedby FHWA in 1987.2o This is a straightforwarddemographicmodel, using

disaggregatedpopulationdatato projectVMT. For inputs it relies on data from the 1969, 1977,
and 1983 NPTS data bases, and populationprojectionsfrom the Census Bureau. The model also

forecasts the total numberof drivers, the VMT per driver, and the fraction of the driving age

population with driver licenses from 1985 to 2020. These figures are also dependent on

assumptions of a static distributionof driverlicenses across the various age groups. The model
forecasts total VMT by sex as follows:

f VMT ! "(Population),oe
VMTT°T*L = Aae_ _Capita),ae

This model has the benefit of simplicity, relying on very few inputs. Two of these, population

and licensure rates,can be consideredrobustlyforecastable. The "most likely" case of the model,

20The FuroreNationalHighwayProgram:1991andBeyopd,WorkingPaperNo.2,TrendsandForecastsofHighway
PassengerTravel,FHWA, 12/g7.
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however, assumes unlimited VMT per capita growth at constant rates, and a female/male driving

ratio of 60 percent, both of which are subject to question. The incorporation of economic

dependencies in such a demographic model could provide opportunities for analysis of the impact

of various policy initiatives on VMT.

MODEL STRUCTURE

In developing the current VMT model, it has been necessary to address data quality and

functional specification issues. In order to make the new model consistent with the NEMS

requirements, economic variables (driving cost per mile and disposable personal income per

capita) have been transformed so that values are expressed in 1987 dollars rather than 1982

dollars. The demographic variable previously used (population between the ages of 20 and 29

divided by population over 65) has been removed from the specification and ether demographic

variables have been incorporated.

Several functional forms were tested in the development of this model, bringing to light the

difficulty in constructing a model which incorporates both economic and demographic parameters

which may be used for forecasting in the mid- to long-term. Problems with autocorrelation and

multicollinearity motivated the implementation of a two stage approach in which the results of I
a linear econometric model are adjusted to reflect demographic constraints. The first stage

provides a forecast of per capita VMT, based on historical data, which assumes that the age

profile of the country ren. ains constant. The second stage imposes a limiting factor which

reflects the projected aging of the population and the reduced driving rates associated with older
drivers.

In the first stage of this model, a generalized difference equation is used to estimate the

unadjusted VMT per capita: :_

VMTPC T -- p VMTPCT. , + 0.28 ( 1 -p ) - 7.50 ( CPM87 T - p CPM87T. _ )
(81)

+ 3.6x10" (YPC87T - pYPC87T_) + 8.36(PrFemT - p PrFemT._)

where:

VMTPC= thevehiclemilestraveledpercapita
CPNI87= the fuelcostof drivinga mile,expressedin 1987dollars.
YPC87= thedisposablepersonalincomepercapita,expressedin 1987dollars.
PrFem= theratioof percapitafemaledrivingto percapitamaledriving.

p = the lagfactor,estimatedusingtheCochrane-Orcuttiterativeproceduretobe 0.72.

21 VMT per capita should be understood mean VMT per population 16 years and older. "Per capita" is used for
simplicity. Its use in other variables refers to the total US population.
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In the second stage, the unadjusted forecast is modified by a demographic adjustment factor

(DAF). This is an index which is based on projections of the proportion of the population of 60

years of age (P>60) and the expected ratio of per capita driving by those over 60 to those under

60 (PVMT60), and is set to 1.0 in 1990.

DAF = 1- [P>60] • (1 - PVMT60T )] (82)
ADJVMTPC T = VMTPCT . DAFT

where:

DAF = the demosraphicadjustmentfacto
ADJVMT= adjustedvehiclemilestraveledpercapita

The adjusted VMT per capita is subsequently converted to total VMT by multiplying by the

population at or above the driving age of 16 years. Total demand for light duty vehicle travel

is finally allocated among the various conventional and alternative automobile technologies

considered in NEMS, and consumptions estimates are generated for each type of fuel.
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Figure 3B-2. LDV Stock Module 1: Pnicess New Additions to IJDV Stock
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Figure 3B-3. LDV Stock Module 2: Determine Characteristics of Current LDV Stock
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Figure 3B-4. LDV Stock Module 3: Vehicle Miles Traveled Model
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3C. LDV Fleet Module

The Light Duty Vehicle Fleet Module generates estimates of the stock of cars and trucks used

in business, government, and utility fleets. The model also estimates travel demand, fuel

efficiency, and energy consumption by these fleet vehicles prior to their transition to the private

sector at predetermined vintages.

RATIONALE

Fleet Vehicles are treated separately in TRAN because of the special characteristicsof fleet light

duty vehicles. The LDV Fleet Module generates estimatesof the stock of cars and light trucks

which are used in three different types of flees, as well as VMT, fuel efficiency and energy

consumption estimates which are distinct from those generated for personal light duty vehicles
. .

in the LDV and LDV Stock Modules. The primary purpose for this was not only to simulate as

accurately as possible the very different sets of characteristics one would expect to see in fleet

as opposed to personal vehicles but also to allow for the greater opportunity for regulaton and

policy-making that fleet purchases represent. Legislative mandates for AFV purchases, fleet fuel

efficiencies, etc. can be incorporated through the subroutine TLEGIS, which has been set up

specifically for this purpose.

ALTERNATIVE SPEClFICATIONS

No alternative specifications were considered.

MODEL STRUCTURE

In a departure from the conventions of other modules, this model uses the same variable names

for cars and light trucks; they are distinguished by the value of an index designating vehicle type.

Vehicles are also distinguished by the type of fleet to which they are assigned; business,

government, and utility fleets are assumed to have different operating characteristics and

retirement rates. This model consists of three stages: determine total surviving fleet stocks and

travel demand, calculate the fuel efficiency of fleet vehicles, and estimate the consequent fuel

consumption.

The flowchart for the Light Duty Vehicle Fleet Module is presented below in Figure 3C-1.

Additional flowcharts outlining major LDV Fleet calculations in more detail are presented at the
end of this section.

Energy Information Administration

NEMS Transportation Demand Model Documentation Report 79



Figure 3C-I. Light Duty Vehicle Fleet Module
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Calculate Fleet Stocks and VMT

Calculate fleet acquisitions of cars and light trucks:

FLTSAL.vT.4.1_.T- FLTCRAT • SQTRCARST • FLTCSHRI_

and: (81)

FLTSALvT.cj_.T - FLTTRAT • SQDTRUCKSI.r * FLTTSHI_

where:

FLTSAL = Sales to fleets by vehicle andfleettype
FLTCRAT= Fractionof total carsalesattributedto fleets

FLTTRAT= Fractionof total u'ucksalesattributedto fleets

SQTRCARS= Totalautomobilesales in a givenyear

SQDTRUCKSL= Total light trucksales in a givenyear
FLTCSHR= Fractionof fleet carspurchasedby a given fleet type

FLTTSHR= Fractionof fleet truckspurchasedby a given fleet type
VT = Indexof vehicle type: I = cars,2 = light trucks

FrY = Index of fleet type: I = business,2 = government,3 = utility

Determine total alternative fuel fleet vehicle sales, using either the market-driven or legislatively

mandated values :

FLTALTv,.,_. , ,, MAX [(FLTSAL_,.m,, • FLTAPSHRI,_ ), EPACTvT.rrY.T] (82)

where:

FLTALT = Numberof AFV's purchasedby each fleet type in a given year
FLTAPSHRI= Fractionof each fleets' purchaseswhich areAFV's, fromhistoricaldata

EPACT---Legislativemandates forAFV purchases,by fleet type

The difference between total and AFV sales, represents conventional sales:

FLTCONVvT.,_.T: FLTSALvT.,_.T- FLTALTvT.,_.T (83)

where:

FLTCONV= Fleet purchasesof conventionalvehicles

FLTSAL= Sales to fleets by vehicle and fleet type

FLTAL_"= Numberof AFV'spurchasedby each fleet type in a givenyear

Fleet purchases are subsequently divided by size class:
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FLTSLSCAvT.,TV.,s.T = FLTALTvT.,_.T * FLTSSHRvT.,_.,s

and: (84)

FLTSLSCCvT.sW.ls,T= FLTCONVvT.I_.T • FLTSSHRvT.,_.,s

where:

FLTSLSCA= Fleet purchasesof AFV's,by size class

FLTSLSCC= Fleetpurchasesof conventionalvehicles, by size class
FLTSSHR= Percentageof fleet vehicles in each size class, fromhistoricaldata

IS = Indexof size classas: I = small,2 = medium,3 = large

A new variable is then established, disaggregating AFV sales by engine technology:

FLTECHSAI'vT.,__.=.,Tec,= FLTSLSCAvT.,__,,s * APSHRFLTBvT.,Tuc..,_

FLTECHSALvT.,_.,.,a.,Tt¢.= FLTSLSCAw.,_.,.la * FLTECHSHI_c..,w (85)

and:

FLTECHSALvTj..,s.,_c,4 = FLTSLSCCvT.I.,,s

where:

FLTECHSAL= Fleet sales by size, technology,and fleet type

APSHRFLTB---Alternativetechnologysharesfor the businessfleet

FLTECHSHR= Alternativetechnolosysharesforthe governmentand utilityfleets
1TECH= Index of enginetechnologies: 1-5 = alternativefuels (neat),6 = gasoline

Sales are then summed across size classes:

3

FLTECItvT._.,TEC. ffi_ FLTECHSALvT.,Ty.,:.,TE¢. 1861
18-1

where:

FLTECH = Vehicle purchasesby fleet typeand technology

The next step is to modify the array of surviving fleet stocks from previous years, and to add

these new acquisitions. This is done by applying the appropriate survival factors to the current

vintages and inserting FLTECHinto the most recent vintage:

FLTSTKVNvT,,_.nz¢,.,v,.T.T= FLTSTKVNvT.,_.,TEc,.,v,NT-q.T-q* SURVFLTTvT.,v,N:

and: (87)

FLTSTKVNvT.,_.mc..,v,,T_.T = FLTECItVT.,Ty.,TE¢,'T
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where:

FLTSTKVN = Fleet stock by fleet type, technology, and vintage

SURVFLTT - Survival rate of a given vintage

IVINT = Index referring to vintage of fleet vehicles

The stocks of fleet vehicles of a given vintage are then identified, assigned to another variable,
and removed from the fleet:

OLDFSTKvT.ITYjTtCH.IWNT.T = FLTSTKVNvT.|TY.mTtCH.IVINT.T (88)

where:

OLDFSTK = Old fleet stocks of given types and vintages, transferred to the private sector

The variable OLDFSTK is subsequently sent to the LDV Stock Model to augment the fleet of

private vehicles. The vintages at which these transitions are made are dependent on the type of

vehicle and the type of fleet, as shown below.

i iiiii ii i i

Automobile (VT = 1) Business (ITY = 1) 5 Years
,,

Automobile Government flTY = 2) 6
i

Automobile Utility (ITY ffi3) 7
ii iii

Light Truck (VT = 2) Business 6
iroll i

Light Truck Government 7
ii

Light Truck Utility 6

Total surviving vehicles are then summed across vintages:

$

TFt.TEeHSTKv.., ,,. c...- 189}
IVIN-,I

where:

TFLTECHSTK = Total stock within each technology and fleet type

The percentage of total fleet stock represented by each of the vehicle types and technologies is
determined as follows:
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TFLTECHSTKvT,,ry.,TSC.,T
VFSTKPFvT.ITY,ITeCH.T: 2 3 e (90)

_ _ TFLTECHSTKvT.,TY,,'r,:cH.'r
VT -1 ITY -1 ITECH -1

where:

VFSTKPF = Share of fleet stock by vehicle type and technology

Historical data on the amount of travel by fleet vehicles is now used to estimate total fleet VMT:

2 3 $

FLTVMT T = _ _ _ (TFLTECHSTKv.r.,Ty.,.rec,..r . FL-rVMTYRv.r,,_. r) (91)
VT -1 ITY -1 ITECH -1

where:

FLTVMT = Total VM'I' driven by fleet vehicles

FLTVM'rYR : Annual miles of travel per vehicle, by vehicle and fleet type

Total VMT is then disaggregated by vehicle type and technology:

FLTVMTECHvT, I_,,TeC..T: FLTVMT r , VFSTKPFvr,,Ty,Tec.,r (92)

where:

FLTVMTECH = Fleet VMT by technology, vehicle type, and fleet type

Calculate Fleet Stock MPG

The average efficiencies of the five non-gasoline technologies are calculated as follows:

I 1FLTMPGvT.4ITYITECH : _.,.,
' ' .sc.1 NAMPGIrs,.sc

and: (93)

[3 FMSHt.T, rv.iTeC.,.sc ]_FLTMPGvr._.,TY.,TtC"= _ NAMPG,rsAsc * RATIOAscASC -1

where:

FLTMPG = New fleet vehicle fuel efficiency, by fleet type and engine technology

FMSHC = The market share of fleet cars, from the AFV model

FMSHLT = The market share of fleet light trucks, from the AFV model

NAMPG = New AFV fuel efficiency, from the AFV model

FFS = Index which m_,,'ches technologies in the AFV model to corresponding ITECH
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For conventional technologies, when ITECH refers to gasoline ICE's, the calculation is similar.

FEM estimates of fuel economy for the six vehicle size classes are averaged into three classes

to correspond to the output of the fleet model, and new fleet vehicle fuel economy is calculated

as follows:

FLTMPGvT.lJw,TEc.= __
' ' Asc.I FEC3SCAsc

and: 194)

FMSHLT,Tv,T_c..sc
FLTMPGvT

Asc-1 FET3SCAsc'
a21|TYI|TEC_4

where:

FEC3SC = New car MPG, in three size classes, from the FEN[ model

FET3SC = New light truck MPG, in three size classes, from the FEM model

The fuel efficiency of new vehicles is then added to an array of fleet stock efficiencies by

vintage, which is adjusted to reflect the passage of time:

MPGFSTK,T.ITv.,TSc..Iv,,.TffiMPOFSTKvT.Iw.IT_c,.Iv,,-t.T-,

and: 195)

MPGFSTKvv.,_.JTSC..Ivl.._.T = FLTMPGvT.ITV.IT£C..T

where:

MPGFSTK = Fleet MPG by vehicle and fleet type, technology, and vintage

Average fuel efficiency by vehicle and fleet type is then calculated:

FLTS KTVNvT, n.Y,ITECH,IVlNT 196)

MPGFLTSTKvT:.,TSC. : .A_.T MPGFSTi_T,irc.,Tuc.,,v,.T . VDFvT
' ' [iv.,,., (TFLTECHSTKvv.iw.i,,c. )

where:

MPGFLTSTK = Fleet MI'G by vehicle and fleet type, and technology, across vintages

MAX VINT = Maximum IVIN index associated with a given vehicle and fleet type

The overall fleet average MPG is _nally calculated for cars and light trucks:
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-4

3 , VFSTKPFvT.,_.,TecH.T (97)
FLTTOTMPGv"' = ,._-, ,.tcH_-, MPGFLTSTKv..,w,,..c.,.

where:

FLTTOTMPG= Fleet vehicle averagefuel efficiency forcarsand light trucks

Calculate Fuel Consumption by Fleet Vehicles

Fuel consumption is simply the quotient of fleet travel demand and fuel efficiency, which have

been addressed above:

FLTVMTECI'IvT.I_.,TEc.,T (S8)
FLTLDVCvT.t_.aTtCH.T = MPGFLTSTKvT.,_.ITscH.T

where:

FLTLDVC= Fuelconsumptionby technology,vehicle and fleet type

Consumption is then summed across fleet types, and converted to Btu values:

3

FLTFCBTUv.,,.Ec..T= _E_FLTLDVCv..,w.,.=c...* QBTU,.Ec. 1991
ITY -_

where:

FLTFCBTU= Fuelconsumption,in Btu,by vehicle typeand technology

QBTU = Energycontent,in Btu/Oal,of the fuel associatedwith each technology

Consumption by trucks and cars are added, and total consumption is subsequently divided among

regions:

2

FLTFCBTUi_..,T_c..T= _ FLTFCBTUvT,,TEc.,T• RSHR,_,T 11001
VT -t

where:

FLTFCBTUR= Regional fuel consumptionby fleet vehicles, by technology
RSHR = Regional VMT shares,fromthe Regional Sales Model

IR = Index of regions
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Figure 3C-2: LDV Fleet Module 1: Process New Fleet Acquisitions

Begin LDV

Fleet Module

_P

_ iiiiiiiiii_;i;iiiil /

%Oftotalcarandlighttruck / [i::::::::!ii_ _!_ii i!iL /
salesattributedtofleets ]----------_:;ii_!_9 '.t.'._::_!!::iir- Totalcarandlighttrucksales,

by_h _ t,,,_ / Ii_i::::iii!i!i!!iiii!::iiiii!ili............ i

_. Y .... ,

_ ' !!!!ii!iiii_"'./_iiiiiiiiii

HtstoncalAFVpurchasasby / /;:i::ii_iii_ill_.iit _gii !

_eo_at_er=n=t,mr_t/ /::iii!i!iiii_V__.i.ii!iii!i!i!l
AFV_=.=_ / /;;iliiiiii!ii!ii;iiii!_!i!i_!_:;!!iiiii!_i::i_;il

i

I ....,.w,.t "1
I sales by I
L_ fleet typeJ

EnergyInformationAdministration

NEMSTransportationDemand ModelO_umentation Report 87



Figure 3C-3. LDV Fleet Module 2: Determine Chm_ctedstics of Existing Fleets
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Figure 3(:-4. LDV Fleet Module 3: Detelmine Fleet Fuel Economy and Consumption
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3D. Air Travel Module

The air travel component of the NEMS Transportation Model comprises two separate submodels:

the Air Travel Demand Model and the Aircraft Fleet Efficiency Model. These models use NEMS

forecasts of fuel price, macroeconomic activity, and population growth, as well as assumptions

about aircraft retirement rates and technological improvements to generate forecasts of passenger

and freight travel demand and the fuel required to meet that demand.

3D.1. Air Travel Demand Model

RATIONALE

The Air Travel Demand Model produces forecasts of passenger travel demand, expressed in

revenue passenger-miles (RPM), and air freight demand, measured in revenue ton-miles (RTM).

These are combined into a single demand for available seat-miles (ASM), and passed to the

Aircraft Fleet Efficiency Model, which adjusts aircraft stocks in order to meet that demand.

Structural changes in the airline industry over the past decade have made it difficult to develop

long-term forecasts of travel demand. The opening-up of routes, the implementation of the

"hubbing" system, the use of competitive pricing, and the growth of a dedicated air freight system

are just some of the consequences of a deregulated market. The commercial aviation system is

still in a state of flux, having yet to settle down to the level of long-run equilibrium necessary

for the application of conventional forecasting methodologies. Today, aviation forecasting experts

are emphasizing the role of "judgement" in planning for the futureman implicit acknowledgement

of the limitations of a purely quantitative methodology.:: It is with this in mind that a policy-

sensitive approach to forecasting air travel demand has been developed.

In order to increase the sensitivity of the forecast to economic and demographic parameters, a

disaggregate model, incorporating separate treatment of business, personal, and international

passenger travel has been implemented. Separate forecasts of domestic passenger and freight

travel are generated, influenced by economic, demographic and fuel price factors, and are

combined into an aggregate estimate of air travel demand. This model stands in contrast to its

predecessor, used in producing the 1993 AEO, in which an aggregate demand for commercial

passenger travel is first estimated using a constant-elasticity approach:

22 Aviation Forecasting Methodology, Transportation Research Circular No. 348, Transportation Research Board,
Washington, D.C., 8/89, p. 8.
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/_.o2 /. ,_.o.413
RPMT = 1.2566.RPM_s,sReal GNPT / TicketPricer /

Real GNP,,=s _'T_.)

The RPMs thus generated are subsequently incremented by a fixed percentage representing

demand by general aviation and dedicated air cargo aircraft, and a constant military demand.

That model's lack of sensitivity to economic and demographic influences has necessitated the

consequent revision.

The Air Travel Demand Model is based on several assumptions about personal behavior and the

structure of the airline industry. Of greatest significance is the assumption that the deregulation

of the industry has substantially altered the dynamics of passenger travel; model parameters have

therefore been estimated using only post-deregulation data. It is further assumed that business

and personal travel are motivated by different measures of economic conditions, and should be

modeled separately. Finally, it is ass_._'medthat personal travel demand is influenced by

demographic conditions, and forecasts of this demand should be adjusted to reflect the changing

age and gender characteristics of the U.S. population. The gesign of this model, and its

underlying assumptions have been influenced by several literature sources and alternative model

specifications which are described below.

AL TERNA TIVE SPECIFICATIONS

Several alternative models of air travel demand have been considered in the development of this

model: the Air Transport Energy Use Model (ATEM), developed by Oak Ridge National

Laboratories (ORNL); the Transportation Energy and Emissions Modeling System (TEEMS),

developed by Argonne National Laboratory (ANL); the Data Resources Incorporated (DR/)

economic model; and forecasts produced by the Federal Aviation Administration (FAA). Each

model contributed to the understanding of the dynamics of passenger travel and the assumptions

underlying the forecast.

The emphasis of the ATEM model is on estimates of commercial passenger and freight aircraft

stocks, and most closely corresponds to the AEO predecessor model. 23 RPM and RTM are

estimated by separate models, both of which are functions of GNP and the cost of flying,

23
Greene, D.L., et. al., A ir Transport Enemy Use Model, Center for Transportation Analysis, Oak Ridge National

Laboratory, 4/91, Draft.
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represented by the yield. 24 The yield is considered solely as a function of fuel price, whose

contribution to total costs remains a fixed percentage. ATEM employs a modified constant

elasticity specification as follows:

RPMt = RPMo Pop . GNPPC_'(')• Yield_'°)

and:

RTM, = RTMo• GNP_'(')• Yield_'(')

where RPM 0 and RTM0 represent base year values, and the remaining variables are all indexed

to their respective base year values. The elasticities, 13_and 132,are specified by the user for each

decade of the forecast. This approach was not considered suitable for inclusion in NEMS due

to the limited variable inputs, thereby decreasing sensitivity to economic and demographic

conditions, and the reliance on user specification of elasticities.

TEEMS directly estimates domestic RPM and energy demand using a linear formulation. RPM

values are considered to be functions of disposable personal income (DPI) and changes in jet fuel

price (JP), while energy use is subsequently determined using exogenous projections of aircraft

efficiency. 25 The travel demand equation is as follows:

RPM = .212(DPI) - .12(JP) - 262.344

where the coefficients have been estimated using a regression on 1970-1988 data. In determining

consequent fuel consumption, TEEMS assumes an annual aircraft efficiency improvement of 1.5

percent over the next twenty years. This factor is the result of TEEMS' exogenous assessment

of expected technology improvements as well as the mandated retirement of older aircraft to

comply with noise regulations. Air cargo is projected as part of a separate freight demand model,

within which a share of air ton-miles is allocated to dedicated cargo aircraft. Again, the limited

reliance on variable inputs precludes the direct incorporation of this model in NEMS.

In the DILl model, air travel demand is influenced by the yield, or revenue per passenger-mile,

24 "Yield" is a commonly used term in the airline industry, and refers to the revenue per passenger-mile. It is used in

most analyses as a normalized representation of ticket price.

25
Argonne National Laboratory, Forecast of Transportation Energy Demand Through the Y ear 2010, ANL/ESD-9,

4/91.
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whose algorithm is the same for both passengers and cargo: :6

Fuel _'_-4) .35 tGNP,_4)

Revenuepassengerand cargo ton miles aresubsequentlycalculated:

•Io"V"RPM = Exp='n • Yield_3n W;'_,p/

and:

RTM = Exp_==• Yield_1=.GNP1'as

Revenue passenger miles are then converted into pound-miles, using an average weight for

passengers and baggage, and the demand for kerosene-type jet fuel is finally estimated as follows:

Fuel Demand = Exp'_.'3.RTM;=,.RTM_'. (Real Fuel Price)"1'

wherethe subscriptsp andc refer to passengersandcargo,respectively. While the abovemodels

of RTM andRPM have morevariable inputsthanthosemodelsdescribedpreviously,thereseems

to be no compelling reasonto retain the constantelasticity specification in the developmentof
the Air Travel Demand Model.

The primary function of the Federal Aviation Administration model is to forecast "workload

measures", such as instrument operations at towered airports. 27 Such forecasts are used to

estimate appropriate staffing levels, and new capital expenditures. The approach is a mixture of

econometrics and intuition, using forecasts of secondary measures such as RPM, load-factors, and

yields as process inputs.

Total operating cost and aircraft efficiency measures are first used to predict yields; these are then

combined with GNP estimates to forecast total RPM and, subsequently, enplanements. Future

airport operations are then estimated using predictions about load factors, :8 aircraft size, and trip

length. Many of the key variables used in the estimation are the result of intuitive judgements

26
Model description obtained through personal communication with Mary Novak of DRI.

27 Mayer, C.J., 1989. "Federal Aviation Administration Methodology," pp.9-29, in A viation Forecasting Methodology,

Transportation Research Circular Number 348, Transportation Research Board, National Research Council, Washington, D.C.

2s The "load factor" is the ratio of revenue passenger-miles to available seat-miles; it provides an estimate of the

averageoccupancy rate of passengeraircraft.
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of aircraft manufacturers and airlines.

In considering the effect of deregulation on forecasting efforts, it is noted that the demand

equation used to forecast RPM produces significantly different coefficients for pre- and post-

deregulation data. Estimated price and income elasticities are significantly larger (in absolute

value) in the post-deregulation era, reflecting structural changes in the airline industry. For

example, the growth of the hub-and-spoke system has substantially increased the availability and

convenience of air travel to many areas not previously served by major airlines. It is this

dichotomy which has motivated the decision to restrict parameter estimation to the post-

deregulation period.

MODEL STRUCTURE

The Air Travel Demand Model, as implemented in NEMS, is a series of linear equations

estimated over the period 1979-1990. As noted above, it is assumed that domestic business and

personal travel are motivated by different economic measures, and that personal travel is further

affected by the demographic makeup of the United States. Key model relationships are presented

below, in order of their appearance. Where numbers appear in place of variable names,

parameters have been estimated statistically from historical trends. Descriptive statistics for all

estimated parameters are provided in Appendix E, Tables E-4 through E-8. Also presented below

in Figure 3D-1 is the flowchart for the Air Travel Module. At the end of this section are

additional flowcharts which depict the calculations in the Air Travel Demand and Aircraft Fleet

Efficiency models in more detail.
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Figure 3D-I. Air Travel Module
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1) Calculate the cost of flying:

YIELD = 4.22 . .94 PJF * 65.42 OPCST (103)

where:

YIELD = Cost of air travel, expressed in r.cnts per R.PM

P_F = Price of jet fuel, in dollars per million Btu

OPCST = Non-fuel operating costs, in dollars per available seat-mile

2) Calculate the revenue passenger-miles per capita for each type of travel,

Business:

RPMBPC - -587.8 +.118 TMC_GDP _20.56YIELD (104)
TMC..POFAFO

Personal:

RPMPPC = -126.$ . .050 TMCYD - 12.110YIELD (105)
TMC_POPAFO

International:

RPMIPC = PCTINT • (RPMBPC + RPMPPC) (106)

where:

TMC_GDP = Gross domestic product, in 1987 dollars.

TMCYD = Per capita disposable personal income, in 1987 dollars.

TMC POPAFO = U.S. population

Pc'rINT = Proportionality factor relat/ng international to domestic travel levels :9

3) Calculate the revenue ton-miles (KTM) of air freight:

RTM - (-15,165.6 + 22.35 TMC EXDN87 • S.77 TMC..GDP ). DFRT (107)

where:

TMC EXDN87 =Valu¢ of merchandise exports, in 1987 dollars

DI_T = Fraction of freight ton-miles transported by dedicated carriers3°

This factor is an extrapolationof historictrends,and is tab,lated in Apl_ndix A, Table A-4.

30DFRT is obtained fmra tn asymptoticextrapolationof posl t_-nds, and is :abulated in Appendix A, Table A-4.
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4) Calculate total revenue passenger-miles flown for each category of travel, subsequently

combining business and personal travel into a final domestic travel category:

RPMB : RPMBPC • TMC_POPAFO (111)

RPMP ,_RPMPPC. TMC..POPAFO• DI (108)

RPMI = RPMIPC • TMC POPAFO (109)

RPMD =RPMB . RPMP (110)

where:

RPMB = Revenue passenger miles for business travel

RPMP = Revenue passenger miles for persoaal travel

RPMI = Revenue passenger miles for international t_vel

RPMD = Revenue passenger miles for all domestic travel

TMC_POPAFO = Total U.S. population

DI = Demographic index, reflecting the public's propensity to fly31

5) Calculate the total demand for available seat-miles, incorporating the estimated load

factorsof domestic and internationaltravel, and converting ton-miles of freight into an equivalent
seat-mile demand:

LFDOM . L.FINTER + (RTM • EQSM)

where:

ASMDEMD = Total demand for available seat-miles

LFDOM = Load factor for domestic travel

LFINTER = Load factor for international travel

EQSM= Equivalent seat-miles conversion factor, used to transform freight RTM's

31 The Demographic Index is derived in Appendix F, Attachment 5.
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3D.2. Aircraft Fleet Efficiency Model

RATIONALE

The Aircraft Fleet Efficiency Model of NEMS (AFEM) is a structured accounting mechanism

which, subject to user-specified parameters, provides estimates of the number of narrow and

wide-body aircraft available to meet passenger and freight travel demand. This mechanism also

permits the estimation of fleet efficiency using a weighted average of the characteristics of

surviving aircraft and those acquired to meet demand. This document presents the methodologies

employed in the estimation, and preliminary results based on a separate analysis of travel
demand.

In the model currently used to produce the 1993 Annual Energy Outlook (AEO), stock efficiency

increases at a constant rate, with no explicit dependence on those parameters which would most

affect it. Th_.sequation is an adaptation of the "best available technology" scenario proposed by

ORNL in its analysis of aircraft efficiency: 32

GPM t =.0230 . (1 -.0137) (t'1"5)

where GPM_ represents the gallons per available seat mile in a given year. Given a forecast

horizon of 2030, the 1.37 percent annual rate of improvement assumed in the current model leads

to an approximate halving of aircraft energy intensity. The above equation assumes a consistent

and uniform replacement of older aircraft with newer, more efficient units. Since, in fact, very

few aircraft that have actually been retired in the last decade, this assumption seems inappropriate

for a comprehensive air transportation modeling system.

The intent of this component of the NEMS Transportation Model is to provide a more intuitive,

quantitative approach for estimating aircraft fleet energy efficiency. To this end, the model

estimates surviving aircraft stocks and average characteristics at a level of disaggregation which

is supportable by available data, and projects the fuel efficiencies of new acquisitions under

different sets of economic and technological scenarios. The resulting fleet average efficiencies

are returned to the Air Travel Demand Module of TERF to support the forecast of commercial

passenger and freight carriers' jet fuel consumption to the year 2030.

Although the air model estimates fuel use from all types of aircraft, only commercial aircraft

32Energy Efficiency Improvement Potential of Commercial A ircraft to 2010, David Greene, Energy Division, Oak
Ridge National Laboratory, Draft Report, October, 1989.
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efficiencies are explicitly modeled. Efficiencies of general aviation aircraft and military planes

are not addressed. General aviation fuel use is directly estimated; jet fuel consumption is

considered to be a fixed percentage of commercial aircraft demand, and aviation gasoline demand

is projected using a time-dependent extrapolation. Military jet fuel use---both naphtha and

kerosene based fuel--is estimated in another Module using forecasts of military budget trends.

AL TERNA TIVE SPEClFICA TIONS

In developing this methodology, two alternative approaches to the estimation of aircraft stocks

and fleet efficiency have been considered: Oak Ridge National Laboratory's Air Transport

Energy Use Model (ATEM), and an air transportation sub-module, being developed by Energy

and Environmental Analysis, Inc. (EEA) for use by DOE's Office of Policy, Planning and

Analysis in the Integrated Dynamic Energy Analysis Simulation model (IDEAS). While both

employ the conventional methodology of matching new capacity acquisition with expected travel

demand, each takes a different approach to the trade-off of flexibility and simplicity. The

approach proposed in this component will incorporate aspects of each.

ATEM is a comprehensive effort to describe aircraft stock and efficiency changes. 33 This is a

detailed stock vintaging model in which all aircraft are grouped into classes according to their

market segment and size. The result is six classes, each described by their trip length and

maximum passenger capacity. Passenger travel demand is distributed among the classes,

approximating the previous year's distribution, and surviving aircraft capacity is subsequently

determined, following the retirement of stock which has reached a uniform, user-specified

retirement age. If aircraft supply exceeds travel demand in any class, excess capacity is

permanently retired.

Excess travel demand in any class is met by the purchase of specific aircraft models with known

operating characteristics and configurations, or generic models incorporating the most efficient

new technologies available in a given year. As a default, all active aircraft models in a class

would receive an equal market share of new purchases. 34 Using this model, the number of

aircraft of every model is always known, as are their operating characteristics, configurations, and

utilization rates. This is a very detailed and flexible model which can incorporate a wide variety

of assumptions about future trends, but is therefore somewhat unwieldy, requiring an amount of

33 Rathi, A., Peterson, B., and Greene, D., A ir Transport Energy Use Model, Oak Ridge National Laboratory, April

1991, Draft.

34
Ibid., pp. 2-9 -- 2-14.
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computer time which is inappropriate for use within NEMS.

Efficiency improvements are assumed to come from retrofitting existing aircraft with new

technologies, the choice of which is partially dependent on fuel prices, and the incorporation of

increasingly efficient technologies in newly acquired aircraft. 35 ATEM links the operating

efficiency of existing aircraft to fuel prices, using an elasticity of-0.04, and a constant efficiency

improvement of .03 percent per year.

In contrast, the commercial airline sector of the IDEAS model avoids this level of detail in favor

of a simple aircraft vintaging model. 36 This model uses four age classes (0-10 years, 11-20 years,

21-30 years, and > 30 years), making no distinction between aircraft sizes or flight characteristics.

This model assumes that average utilization rates and fuel efficiencies vary by aircraft age, and

uses these characteristics to estimate the average fuel consumption per passenger mile of the fleet.

The advantage of this approach is its ability to provide a quick overall estimate of trends, but its

lack of policy levers, such as the effect of increased airport congestion or higher fuel prices,

limits its usefulness in exploring the impact of various scenarios. The approach proposed in this

report will represent a middle ground between these modelsnreducing the computation needs of

ATEM without entirely sacrificing the ability to respond to economic, technological, or policy
issues.

MODEL STRUCTURE

Total fleet efficiency is based on separate estimates of the stock and efficiency of the two types

of aircraft considered by the model--narrow body and wide body. 37 The development of the hub

and spoke .system has made airlines inclined to invest in smaller aircraft in recent years, but

increasing airport congestion provides the impetus for investments in larger craft. In 1990,

narrow body aircraft accounted for approximately 56 percent of total available seat-miles, and

wide body aircraft accounted for the remaining 44 percent. In this model, while the base case

maintains the status quo, the share of total passengers and freight conveyed by each of these

aircraft types may be altered by the user.

35
Greene, D.L., Energy Efficiency Improvement Potential of Commercial A inrraft to 2010. Oak Ridge National

Laboratory, ORNL-6622, June 1990.

36 Personal communication with Mike Sloane, Energy and Environmental Analysis, Inc.

37 Narrow body aircraft, such as the Boeing 727, have seating for approximately 120-150 passengers, and are
characterized by two banks of seats separated by a center aisle. Wide body aircraft, such as the Boeing 747, carry from 200-
500 passengers in three banksof seats
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The model operates in two stages: the first is an estimation of the total fleet of each type of

aircraft required to meet projected demand in any given year; the second is a determination of

stock efficiency given assumptions about the retirement rate of aircraft and the incorporation of

energy-efficient technologies in new acquisitions.

Stock Estimation

This component first determines the demand for new commercial aircraft, based on the growth

of travel demand and the retirement of older planes. Travel demand, expressed as a demand for

equivalent seat-miles, is obtained from the Air Travel Demand Model, and is subsequently

allocated between the two aircraft types considered by this model. The first step is to determine

the fraction of seat miles attributable to each aircraft type. This is calculated using the fraction

of total available seat miles provided by each type of aircraft in the previous year, adjusted by

a constant which represents the effects of airport congestion:

If SMDEMD....ow,r_ fSMDEMDw,oEr_

lfs.o.o__ow./ ,11,,
=LL' s-'__' ,j.11,51 ; 8<0

and

SMFRACwIoE,T= 1 - SMFRAC.ARROW,T

where:

SMFR.AC - Seat mile fraction, by type.

SMDEMD = Total seat-mile demand, by type, in year T.

This specification represents the shifting of a fraction of passenger load from one aircraft type

to another, at a rate, 8, which is zero in the base case, but may be exogenously set. It is believed

that the most probable value for this factor is negative--increasing the wide body market

share---due, in addition to airport congestion, to the growth in the long-haul market, coupled with

the longer range and lower seat-mile cost of wide body aircraft."

The next step is to allocate the current year seat-miles demanded (calculated in the Air Travel

Demand Model) among aircraft types:

3g
Personal communication with David Sepanen, Boeing Commercial Airplane Group, 9/23/92.
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SMDEMDrv,s.T = SMFRACrrps.r . SMDEMD T (113)

The number of surviving aircraft of each type are subsequently estimated. This model differs

from other stock models in that retirements are not assumed to take place abruptly once the

aircraft have reached a specified age. Instead, a logistic survival function estimates the fraction

of originally delivered aircraft which survive after a given number of years. The sum across

years gives an estimate of surviving stocks of each type of plane:

NSURV_pt,T = _ NPCHSE_pt,T.V:,T• _'(VINT) (114)
VINT ,,0

where:

NSURV = Number of survivingplanes in yearT

NPCHSE = Number of planes originallypurchased in the corresponding vintage year

VINT = The vintage, or number of years the aircraft have been in service

The logistic function,/(VlNT), is defined as follows:

,(VINT) -- [ 1 ] (115)1 + Exp_ (t,-v,.T)

where ,_._represents the vintage at which half of the original stock is assumed to retire, and the

constant, k, is explicitly determined by another assumption: the vintage at which ninety percent

of the stock is retired:

Ln(9_) ] (116)k = (t., -t.,)J

Having established the number of surviving aircraft by type, the available aircraft capacity is

calculated. Total available seat miles are estimated using average aircraft characteristics:

utilization rates, cruising speed, and seats per aircraft. Surviving aircraft capacity (SMSURV)

is calculated as follows:

SMSURVn,pE..r : NSURVwpt.r • ASMPwpt.r

Where (117)

ASMPw,t. r =AIRHRSwpt.r • AVSPDw,E.T • SEATSn,pE.T

where:

SMSURV = Survivingaircraft capacity
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NSURV = The numberofsurvivingaircraft,by type

ASMP = The availableseat-milesperplane,by type

AIRHRS = The averagenumberofairbornehoursperaircraft

AVSPD = The averageflightspeed

SEATS = The averagenumberofseatsperaircraft

Tl_ese average _ircr_t characteristics _11 be either set to default values, or will follow an

assumed trend. Tables of these values are provided in Appendix A, Table A-4.

Surviving Aircr_t capaci_ is then compared _ _e travel demand estimates described above.

The difference represents the addition_ capaci_ required to meet demand. Determining the

number of mrcr_t of each _pe to add to the fleet is a matter of reorganizing the above equation:

- (11.)
NPCHSEw,E.T = ASMPT_,E.T J

where:

NPCHSE = New purchases of aircraft to meet excess demand for trav_l

_e res_ting number of new mrcraft is then added to surviving stock, and the data table is

updated to reflect the newest vintage. This approach presumes that new mrcrdt are immediately

av_l_le to meet demand. ActuMly, mrlines' orders for planes are put in several years in advance
of need based on estimates of mr travel.

Fleet Efficiency

Average fleet efficiency is estimated using a series of simpli_ing assumptions. First, the new

stock efficiency is determined for each _pe of mrcraft, using the follo_ng approach:

,1,,' (1 + PTv,,s).lSMPGoLo.wp,..r)] SMPGNsw.wPE.T JJ

where:

SMPG = Aircraft fuel efficiency in seat-miles per gallon

STKFRACoLD = Fraction of seat-miles handled by existing stock

STKFRAC._ = Fraction of seat-miles handled by newly acquired stock

p = Rate at which fuel efficiency oLexisting aircraft increases annually due to retrofitting

For simplici_, it is assumed that load factors do not v_ _th the age of the plane; these shares

are _erefore assumed to be solely dependent on the respective number of planes, as follows:

EnergyInformationAdministration
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STKFRACoLo..n,p_.r = NSURV_p,:.'r
(NSURV.n,pE.r - NPCHSE.rvp_.r)

(120)
and

STKFRAC.Ew._pE.T = (1 - STKFRACoLD,TypE.T)

The factor multiplying the SMPGoLDreflects the user's assumption that stock efficiency for each

type of aircraft increases at a uniform annual rate of p due to the retrofit of older aircraft with

new technology, and the retirement of obsolete planes In the absence of user specification, the

model will use default values of 0.44 percent and 0.18 percent for narrow and wide body aircraft,

respectively. These figures are based on the average annual improvements in efficiency for each
type of aircraft between 1980 and 1990.

Efficiency improvements of newly acquired aircraft are determined by technology choice which

is, in turn, dependent on the year in question, the type of aircraft and the price of fuel. Appendix

A, Table A-5, tabulates the technology choices and the expected efficiency improvements of

aircraft incorporating those technologies. The model also sets a lower limit for efficiency gains

by new aircraft, based on the assumption that new planes will be at least five percent more

efficient than the stock efficiency of surviving aircraft. This provision is triggered if the

incorporation of new technologies fail to sufficiently increase the efficiencies of new acquisitions.

In order to model a smooth transition from old to new technologies, the efficiencies of new

aircraft acquisitions are based on several logistic functions which reflect the commercial viability

of each technology. For each technology, a Technology Penetration Function is defined as
follows:

Penetrationrtc.= 1 (121)
1 + exp_ps'Tt4)

where:

Penetration= Thefractionof newaircraftincorporatinga giventechnology
PE= Theinfluenceof fuelpriceson technologypenetration
TE= Theinfluenceof timeon technologypenetration

The two arguments, the price effect (PE) and the time effect (TE), are based on the assumption

that the rate of technology incorporation is determined not only by the magnitude of a given

technology's price advantage, but also by the length of time in which the technology has been

commercially viable. TE, the time effect, is defined as a user-specified constant multiplied by

the number of years following the trigger year in which the trigger price has been met or

Energy Information Administration

NEMS Transportation Demand Model Documentation Report 105



exceeded. This constant strongly influences the slope of the logistic curve and has been initially

set to 0.7 to reflect historical trends in technology adoption. The larger this factor, the more

abrupt the transition between zero and full implementation of the considered technology. The

factor -6 represents an ad hoc adjustment which anchors the logistic curve, thus ensuring that

technologies are not incorporated prior to their commercial viability. The price effect, PE, is
defined as follows:

PE = 10 . [Fuel Price - Trigger Price]
Fuel Price

when

(0 < Trigger Price< Fuel Price) (122)

and

PE =0 , Otherwise

where 10 is a scaling factor.

Given the variety of non-exclusive technologies, some assumptions must be made: (1)

technologies enter the mix as they become viable and cost competitive; (2) the inclusion of a

technology with a higher trigger price is dependent on the prior use of those technologies with

lower trigger prices; and (3) efficiency gains attributable to each technology are directly

proportional to the level of penetration of that technology.

Following the estimation of stock efficiency by body type, overall fleet efficiency is estimated
in a similar manner:

SMPG, = _'_ fSMFRAC_p"']I _ (123)
-ps_ SMPG,ps., ]J

where, in this instance, the shares are not determined by the number of planes of each type, but

by historical trends and expectations of total available seat miles offered by each type of aircraft.

Changes in these trends are guided by assumptions concerning airport congestion, and the

maturation of the hub and spoke system.
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Estimating Fuel Consumption

Estimating the demand for jet fuel is simply a matter of combining the output of these two

models:

SMDEMDT
JFDEMDT =

SMPGT

where:

_'DEMD -"The total demand for aviation jet fuel

This result is subsequently augmented by a constant five percent to reflect the use of jet fuel in

private planes.
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Figure 3D-2. Air Travel Demand Model 1: Seat-Mile Demand Estimation
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Figure 3D-3. Air Travel Demand Model 2: Air FRight Demand Estimation
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Figure 3D-4. Aircraft Fleet Efficiency Model l: Pn)cess Changes to Existing Fleet
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Figure 3D-5. Aircraft Fleet Efficiency Model 2: Pnicess New Stock and Calculate Fuel Demand
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3E. Freight Transport Module

RA TIONALE

The freight component of the NEMS Transportation Model addresses the three primary modes

of freight transport: truck, rail, and marine. This model uses NEMS forecasts of real fuel prices,

trade indices, and forecasts of selected industries' output from the Macroeconomic Model to

estimate travel demand for each freight mode, and the fuel required to meet that demand. The

carriers in each of these modes are characterized, with the possible exception of trucks, by very

long operational lifetimes, and the ability to extend these lifetimes through the retrofitting

process. This results in a low turnover of capital stock and the consequent dampening of

improvement in average energy efficiency. Given the lt_ng forecast horizon, however, this

component will provide estimates of modal efficiency growth, driven by assumptions about

systemic improvements and modulated by fuel price forecasts.

The freight model currently used for the AEO is an aggregate version of the Argonne National

Laboratory freight model, FRATE. Forecasts are made for each of the four modes of freight

transport: trucks, rail, ships, and air. In each case, travel forecasts are based on the industrial

production of specific industries, travel growth in most cases being directly proportional to

increases in value added. This is then converted to energy demand using the average energy

intensity for the mode in question. Total energy demand is subsequently shared out to the

various types of fuel used for freight transport, under the assumption that relative shares remain

constant. As each mode is considered in the aggregate, no distinction is drawn between classes

of carder, such as trucks of different size.

The freight transport model developed for NEMS is an adaptation of the AEO model, providing

flexibility for future developments, and incorporating another level of detail in the specification

of modes. This is accomplished by stratifying the trucking sector according to size classes, and

providing for similar stratification of the other modes, as needed. Parameters relating industrial

output tonnage to changes in value added have been explicitly incorporated.

AL TERNA TI,VE.,SPECIFICA TIONS

Argonne National Laboratory's Transportation Energyand Emissions Modeling System (TEEMS)

provides the foundation for this component. This model links several disaggregate models to

produce a forecast of transportation activity, energy use, and emissions. The freight sector Fd_f_

estimates future-year activity (ton-miles or vehicle-miles) and energy consumption by mode.
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Indices of sectoral output are supplied by a macroeconomic model. A mode choice model then

computes ton-miles traveled by truck, rail, water, and air for 24 commodity sectors based on

commodity characteristics, changes in fuel price, energy intensities, and modal operating

characteristics. An accounting submodel uses modal energy intensities, load factors, and

size/subactivity allocation factors to compute activity and energy consumption by fuel type for

each freight mode. 39

The FRATE model is highly disaggregate, incorporating a variety of commodity and mode-

dependent characteristics used by a shipper to maximize utility. Forecasts are dependent on base

year (1985) freight movement data, which have been obtained from several sources. The 1985

One Percent Rail Waybill Sample 4°and the Association of American Railroads' Railroad Facts 4_

were used to estimate rail ton-miles of travel; Waterborne Commerce of the United States, 42

published by the U.S. Army Corps of Engineers, was used to estimate marine ton-miles of travel;

truck vehicle-miles and ton-miles of travel were estimated using the Truck Inventory and Use

Survey, 43 and growth indices of sectoral economic output from Data Resource Inc.'s

macroeconomic model. 44 Truck energy consumption is projected using fuel economy in terms

of miles per gallon and average load factors. Rail and marine energy intensities are computed

using the total fuel sales by mode as published in the Petroleum Marketing Monthly. 45 The

differences between energy inter:sities of various sectors have been held constant from 1977.

39 This summary is derived from Forecast of Transportation Enemy Demand Through the Year 2010, Energy Systems
Division, Argonne National Laboratory, ANL/ESD-9, April, 1991, p. 34, et. seq.

40 One Percent Waybill Sa_nple, Federal Railroad Administration, Washington, D.C., 1987.

41 Railroad Facts, Association of American Railroads, Washington, D.C., 1987.

42 Waterborne Commerce of the United States, U.S. Army Corps of Engineers, Water Resources Support Center, New
Orleans, LA, 1987.

43
The 1982 Truck Inventory and Use Survey: Public Use Tape, Bureau of the Census, U.S. Department of Commerce,

Washington, D.C., 1984.

44
The DR1Annual Modei of the U.S. Economy: PC Version, Data Resources, Inc., Lexington, MA, 1986.

45 Petroleum Marke,ng Monthly, Energy Information Administration, U.S. Department of Energy, Washington, D.C.,
1986.
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Figure 3E-1. Freight Transpo,t Module
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MODEL STRUCT,,,URE

The NEMS Freight Transport Module retains the structure used in the predecessor AEO model,

aggregating the value of output from various industries into a reduced classification scheme, and

relating the demand for transport to the growth in the value of output of each industrial category.

The relationships used for truck, rail, and waterborne freight are presented in sequence below.

The flowchart for the Freight Transport Module is presented in Figure 3E-1 above. Additional

flowcharts presenting Freight Module calculations in more detail can be found at the end of this
section.

3E-1. Highway Freight Model

The growth in fuel demand by trucks is considered to be directly related to the growth in

industrial output forecast for specific industries. The freight truck module will estimate the total

ton-miles of highway freight, then allocate shares of that travel demand amongst the three classes

of trucks considered in this component. For a given set of industries:

0UTPUT,.T] (125)
FTMT,,T= FTMT,..r.• FACTR_..odo._)UTPUT,.T.j

where:

FTMT= Totalhighwayfreighttrafficfor industryI in yearT
OLrrPUT= Valueof outputof industry1,in baseyeardollars

FACTR= Freightadjustmentcoefficientfor trucks
I = Indexreferringto NEMSindustrialsector

The freight adjustment coefficients correct for the difference between the rate of growth of the

value added and the freight requirements of the specified industry and mode of transport. This

total freight travel demand is subsequently converted to VMT using the following relationship:

FTMT'.T (126)
FVMTI'T= FRLOAD,

where:

FVM'["= Totalfreightvehicle-milestraveledfor a givenindustryin yearT
FRLOAD= Loadfactorassociatedwitha givenindustry'soutput

The load factor ratios are expressed as the ratio of ton-miles traveled to vehicle-miles traveled,

and are assumed to remain constant throughout the forecast. The total VMT attributed to freight
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trucks is the sum over all industries:

FVMT- VMT,., (lU)
I

The to_] freight VMT is next allocated among the three classes of trucks considered by the

model:

FVMTSCc,T = TSc.T • FVMT, (!28}

_re:

FVMTSC = Total h/ghway £_isht VMT, by size class

TS = Travel share allocated to m_cks of class C in a $iven year

¢ = Index referrin_ to truck s/ze class

Until further research can provide an indication of how travel shares are changing over time, they

will be considered constant, and allocated according to the most recent data:

FVMTc.'. (129)
T$c.T" FVMTT.

Total VMT associated with each class of truck is then allocated among the various fuel

technologies (such.as diesel or gasoline) considered by the model:

FVMTECHSCc._c..T = FVMTSCc.T • FLVMTSHRc._c..T (130)

where:

_CHSC = Total highway freight VMT, by size class and technology

where FLVMTSHR represents the share of each technology in total truck VMT, and is
determined as follows:

FLVMTSHRc ,¢,, = [ FVMTc"c':' ] " GROWTH_c.

(131)

• . [ FV,

In "he above equation, _ch technology's VMT share changes over time, according to an

exogenously specified GROW'm_._factor. These shares are subsequently renormalized to I.

The next step is to calculate freight truck fuel efficiency. Efficiency improvements within the

various classes of trucks also have a significant impact on fue! demand. Improvements are

considered to fall into two categories: time-sensitive and price-sensitive. It is assumed that the

average efficiency of each class will improve at a steady rate, as determined by historical
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patterns. This would be the result of simple retrofit measures used to increase aerodynamics, the

retirement of older, less efficient stock, and the acquisition of newer, more efficient trucks.

Increases in fuel prices are also expected to stimulate gains in efficiency, either by making

technological improvements cost effective, or by encouraging be more efficient scheduling of

freight shipments. These two forms of improvement are further assumed to be multiplicative:

FMPGc,_c., T - FMPGc,_¢.,,. 4 • (1 + _1c)- AX {1.0,ITP_GTR_.,I) 1132)

where:

FMPGc,rz_. T ffiFreight truck fuel efficiency, by size class and technology

TPMGTRc,T = Price of motor gasoline for trucks, from Macro Module

The time sensitivity coefficient, _lc, is exogenously specified, and the fuel price sensitivity

coefficient, _2c, is estimated from historical trends. One final assumption holds that efficiency

changes motivated by fuel price occur only in the positive sense--that is, a reduction in the price

of fuel will not result in a lowering of truck efficiency.

Fuel use is subsequently estimated, using the average fuel efficiency for each class of truck:

FFDc,nc., T = FVMTEOHSCc,nC.,T • QBTU_c . (133)
FMPGc,nc..T

where:

FFDc.rscH.T= Fuel demand for a given class of truck and fuel type

FM/_c.T_.T = Fuel efficiency for each truck class

QBTUTEc_= Heat content of fuel used by each technology, in MMBtu per gallon

This is then allocated to the nine census regions and summed over size classes:

$

TQFREIRnc.,m, T .. _ FFDc,nc., T . SEDSHRDSc,nc., T 1134)
C,,1

where:

TQ_T = Total regional fuel consumption for each technology

SEDSHRDSc,T_ca,_= Regional share of truck fuel consumption, from SEDS

3E.2. Rail Freight Model

R_il forecasts represent a simplification of the freight trucking approach, in that only one class
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of freight rail and vehicle technology is considered. Projections of energy use by rail are driven

by forecasts of ton-miles travelled for each of the industrial categories used in the trucking sector.

The algorithm is virtually identical to the one used for trucks:

'OUTPUT, T]
 TMr,.•FAC,• OUTPUT£,.I f,S)

where:

RTMT = Total rail ton-miles traveled for industry ! in year T

OUTPUT - Value of output of industry 1, in base year dollars

FACR = Coefficient relating growth of value added with growth of rail transport

Energy consumption is then estimated using the projected rail energy efficiency"

TQRAILT, - FERAII-r . RTMT, (136)

where:

TQRAILT = Total energy consumption by freight trains

FERAIL = Rail energy efficiency

where rail efficiency gains resulting from technological development and increased system

efficiency are based on an exogenous analysis of trends.

This aggregate energy demand is used to estimate the demand for the various fuels used for rail

transport, adjusting the previous year's demand for a given fuel by the fractional increase in

overall energy requirements:

f TQRAILT, i (137)
TQRAILvu,L,T- TQRAILF,,t.r._• [TQRAILT_)

where:

TQRAIL_m.,r= Totaldemandforeachfuelbyrailfreightsectorin year7"

This is based on the assumption that the relative shares of each fuel remains constant across the

forecast horizon, and that there is little or no room for fuel substitution as prices vary.

Fuel consumption is then allocated to each region:
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TORAILR,rec..n,r =TQRAILc,TeC.,T.SEDSHRD$c,_c.,T (138)

whC'TC"

TQRAILRT_m,T= Totalregional,fuel consumptionforeach technology
SEDSHRD_T = Regionalshareof rail freightfuel consumption,fromSEDS

3E.3. Waterborne Freight Model

Two classes of waterborne transit are considered in this component: domestic marine traffic and

freighters conducting foreign trade. This is justified on the grounds that vessels which comprise

freighter traffic on rivers and in coastal regions have different characteristics than those which

ply international waters.

Domestic Marine

Once again, the estimation of totaldomestic waterborne travel demand is driven by forecasts of

industrial output:

OUTPUTIT]
lo

STMT, =_ $TMT,..r.• FACS, • OUTPUT,I.r.I (139)

where:

STMT --"Total ton-milesof waterbornefreight for industry I in yearT

OUTPUT= Valueof outputof industryl, in baseyeardollars

FACS= Coefficientrelatinggrowthof value addedwith growthof shippingtransport

This total is subsequently shared out among classes of domestic freighter:

STMTc,T = TSc,T . STMTT (140)

wh_aT¢"

TS = Travelshareallocatedto vessels in class C

Travel shares are considered constant, and allocated according to themost recent data:

At present, only one class of domestic waterborne transport is considered, but as further research

is conducted, a greater level of detail may be justified.
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TSc = STMTc (1411
STMTTo,,I

Fuel use is subsequently estimated, using the average energy efficiency for each class of freighter

(currently one class):

SFDTT = FESHIPr STMTT (1421

where:

SFDT = Domestic ship energydemand

FESHIP = Average fuel efficiency

Estimated changes in energy intensity will be developed exogenously. The next step is to

allocate total energy consumption among three fuel types (distillate fuel, residual fuel oil and

gasoline):

SFD,,,T = SFDTT SFSHAR_.T (143)

where:

SFD = Domestic shipenergy demand,by fuel

SFSHARE= Domestic shippingfuel allocationfactor

IF = Index refemng to shipping fuel type

The factor which allocates energy consumption among the three fuel types is based on 1990 AEO

numbers and is held constant throughout the run period.

Total energy demand is then regionalized:

TOSHIPI_F.Rt_.r= SFD,_.T. SEDSHR_F.RE_.T (144)

where:

TQSHIPR = Total regional energy demand by domestic freighters

SEDSHR = Regional shares of fuel demand, from SEDS

Although only one class of vessel is considered at the present time, the model was designed to

allow further stratification should more detailed data become available.

International Marine

Fuel demand in international marine shipping is directly estimated, linking the level of

international trade with the lagged consumption of the fuel in question:
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]GROSST T (145)

ISFDTT = ISFDTT,I + GROSSTT-q - lJ . 0.5 • ISFDT T

where:

ISFDT = Total international shipping energy demand in year T

GROSST = Value of Gross Trade (imports + exports), from Macro Model

Total energy demand is then allocated among the various fuels as above:

ISFDIF.T : ISFDTT . ISFSHAREIF.T (146)

where:

ISFD = International freighter energy demand, by fuel

ISFSHARE -- Internationalshipping fuel allocation factor

Regional fuel consumption is then calculated:

TQISHIPI_F.I_,T =ISFDIF.T . SEDSHRIF,Ia,T (147)

where:

TQISHIPR = Total regional energy demand by international freighters

$EDSHR = Regional shares of fuel demand, from SEDS
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Figure 3E-2. Highway Fleight Model
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Figure 3E-3. Rail Freight Model
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Figure 3E-4. Waterborne Freight Model
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3F. Miscellaneous Energy Use Module

RAnQNALE

"Ibis moduleaddressesthe projectionof demandfor severaltransportationfuels and end-use

categories that have not been considered in earlier modules. These energy uses include military

operations, mass transit (passenger rail and buses), recreational boating, and lubricants used in

all modes of transportation. The NEMS approach represents an incremental improvement over
the estimation methodology used in the predecessor AEO model.

In determining the impact of military operations, the predecessor model makes adjustments to

energy consumption on a fuel-by-fuel bases to reflect recent military consumption levels. These

levels are then assumed to remain constant over the forecast. In contrast, the NEMS model uses

military budget estimates to forecast changes in fuel demand. In the public transit sector, the

predecessor model does not explicitly consider passenger rail, which accounts for approximately

fifteen percent of total rail energy consumption, or buses, which account for approximately one

percent of total highway fuel consumption; energy use for each of these modes is considered as

part of the benchmarking process, as is fuel use in recreational boats. NEMS models these

sectors explicitly.

The flowchart for the Miscellaneous Energy Demand Module is presented below. Additional

flowcharts portraying Miscellaneous Energy Demand Module calculations in more detail can be
found at the end of this section.
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Figu.e 3F-1. Miscellaneous Enen,gy Demand Module
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MODEL,.,,STRUCTURE

31=-1. Military Demand Model

Demand for fuel for military operations is considered to be proportional to the projected military

budget. The fractional change in military budget is first calculated:

TMC_GFML87T 1148)
MILTARGRr = TMC_GFML87r4

where:

MILTARGR = The growth in the military budget from the previous year

TMC GFML$7 = Total defense budget in year T, from the macro economic segment of NEMS

Total consumption of each of four fuel types is then determined:

MFDI_.T= MFDI_,r.4, MILTARGRr (149)

where:

MFD = Total military consumption of the considered fuel in year T

IF = Index of fuel type: l=Distillate, 2=Naphtha, 3=Residual, 4=Kerosene

Consumption is finally distributed among the nine census regions:

QMILTRIF.a=_: MFD,..T. MILTRSHR,..R=o (150)

where:

QMILTR = Regional fuel consumption, by fuel type, in Btu

MILTRSHR. = Regional consumption shares, from 1991 data, held constant

3F-2. Mass Transit Demand Model

The growth of passenger-miles in each mode of mass transit is assumed to be proportional to the

growth of passenger-miles in light duty vehicles. This is determined from the output of the VMT

module and the load factor for LDV's, held constant at 1989 levels:
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TMOD,, T = VMTEE r * TMLOAD891

and: (151)
BETAM8

TMOD1T
TMOD,.,T =TMODI.,T4 * , '

TMODI-r4

where:

,/"'" TMOD = Passenger-miles traveled, by mode

VMTEE = LDV vehicle-miles traveled, from the VMT module

TMLOAD89 = Average passengers per vehicle, by mode (l =LDV's)

BETAMS = Coefficient of proportionality, relating mass transit to LDV travel

/_/= Index of transportationmode: l = LDV's, 2-4 = Buses, 5-7 = Rail

Fuel efficiencies, in Btu per vehicle-mile, are obtained from the Freight Module for buses and

rail; and mass transit efficiencies, in Btu per passenger-mile, are calculated:

FMPGwps T
TMEFF89s. * .... .

FMPGSST,r, i (152)
TMEFFL_..T =

TMLOAD89_.

where:

TMEFFL = Btu per passenger-mile, by mass transit mode

TIvIEFF89 = Base-year Btu per vehicle.mile, by mode

FMPG = Fuel efficiency, by vehicle type, from the Freight Module

FM]:_89 = Base-year fuel efficiency, by vehicle type, from the Freight Module

TYPE = Vehicle type, from the Freight Module: I = Mid-size trucks, 2 = Rail

Total fuel consumption may then be calculated and distributed among regions according to their

populaticns:

TMC POPAFO mT
QMODI_..RT =TMOD,.T * TMEFFI.,.,T * - - ' (153)0 J 0 i)

TMC_POPAFOm,T
IR ,,1

where:

QMODR = Regional consumption of fuel, by mode

TMC IK)PAFO = Regional population forecasts, from the Macro Module
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3F-3. Recreational Boating Demand Model

The growth in fuel use by recreational boats is considered to be proportional to the growth in

disposable personal income:

|ETAREC

TMC_YDT (154)RECFD T -- RECFDT4 •
TMC_YDT_t

where:

RECFD = National recreational boat gasoline consumption in year T

TMC_YD = Total disposable personal income, from the Macro Module

BETAREC = Coefficient of proportionality relating income to fuel demand for boats

Regional consumption is calculated according to population, as with mass transit, above:

• ' [. 1_TMC POPAFOb. rQRECI_.T = RECFDT * - ..... _' (155)

,_ TMC POPAFOIR

where:

QRECR = Regional fuel consumption by recreational boats in year T

3F-4. Lubricant Demand Model

The growth in demand for lubricants is considered to be proportional to the growth in highway

travel by all types of vehicles. Total highway travel is first determined:

HYWAY T = VMTEET + FTVMT T . FL'I'VMT T 1156)

where:

HYWAY = Total highway VMT

FTVMT = Total freight truck VMT, from the Freight Module

FLTVMT = Total fleet vehicle VMT, from the Fleet Module

Lubricant demand is then estimated:
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IETALUB

HYWAYT (157)
LUBFDT = LUBFDT4 •

HYWAYT_I

where:

LUBFD= Totaldemandfor lubricantsin year T

BETALUB=Constantof proportionality,relatinghighwaytravel to lubricantdemand

Regional allocation of lubricant demand is finally determined by regional weighting of all types

of highway travel:

QLUBI_T, =LUBFD T .[((VMTEE T +FL'rVMTT).SHRMG,.,T)"YwAYT +(FTVMT..SHRDS,.,T)] m

where:

QLUBR= Regionaldemandfor lubricantsin yearT, in Btu

SHRMG= Regional shareof motorgasolineconsumption,fromSEDS
SHRDS= Regionalshareof diesel consumption,fromSEDS
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Figure 3F-2. Military Demand Model
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Figure 3F-3. Mass Transit Demand Model
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Figure 3F-4. Recreational Boating Demand Model
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Figure 3F-5. Lubricant Demand Model
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3G. Vehicle Emissions Module

RAT/ONALE

Vehicular emissions at the national level account for roughly two-fifths of total Carbon and NOx

emissions. This importance is reflected in the prominent role vehicles have in the Clean Air Act

Amendment of 1990 (CAA90). This module reports vehicular emissions based on both the mix

of vehicle technologies utilized over time, and the age distribution of these vehicles. This is a

significant improvement over the predecessor model, which does not keep track of the level of

emissions associated with vehicles. In NEMS, emissions from new, conventionally powered,

light-duty vehicles decline over time in accordance with the provisions of the CAA90. Emissions

may decline even further as alternative sources of energy and new technologies are utilized by

light-duty vehicles. Direct emissions from battery-powered vehicles, for example, are zero.

Specific pollutants addressed in this module include SOx, NOx, total Carbon, CO2, CO, and

Volatile Organic Compounds (VOC).

MODEL STRUCTURE

The solution algorithm consists of multiplying levels of travel by appropriate average emission

factors for each mode of travel. Emission factors depend on the mix of technologies and fuels

utilized within a mode. For example, the emission factor used for light-duty vehicles depends

on the miles traveled utilizing each light-duty vehicle technology and fuel combination (see

chapter 2). Even if no change occurs in the mix of technologies utilized in light-duty vehicles,

emissions per vehicle-mile traveled will decline in the forecast as more stringent standards are

phased in and older more polluting vehicles leave the fleet. It should be noted that the emissions

factors implicitly reflect the effect of fuel efficiency improvements on carbon (including CO and

CO2) emissions and assume the compliance with increasingly stringent standards concerning other

criteria pollutants. In the equation below, light-duty vehicle and freight truck emissions are

estimated in units of grams of pollutant per mile of travel to be consistent with the definitions

of vehicle emission standards.

EMISSlE.la,la,T: EFACTIE.,..,..r, U,M.l.,r (159)

where:

EMISS = Regional emissions of a given pollutant, by mode of travel

EFACT = Emissions factor relating measures of travel to pollutant emissions

U = Measure of travel demand, by mode: units in VMT for highway travel, gallons of fuel

consumption for other modes

/M = Index of travel mode: references individual vehicle types used in the preceding modules

EnergyInformationAdministration
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IE = Index of pollutants: 1 = SO x, 2 = NO,,, 3 = C, 4 = CO=, 5 = CO, 6 = VOC

IR = Index identifying census region
J

The development of the emissions factors is documented in Appendix F, Attachment 6.

Figure 3G-I. Vehicle Emissions Module
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4. MAJOR ASSUMPTIONS

Overview

This section reveals the key underlying assumptions that are critical to the generation of the base

case and four side cases. These sets of assumptions discuss the following issues: technology

penetration, environmental legislation, efficiency standards, and other important drivers for the

transportation demand model. The NEMS transportation model estimates energy consumption

across the nine census regions and over ten fuel types. Each fuel type is modeled according to

fuel-specific technology attributes applicable by transportation mode. Total energy consumption

is modeled by seven aggregate modes of transport: light-duty vehicles (cars, light trucks, and

vans), freight trucks, freight and passenger airplanes, freight rail, freight shipping, mass transit,

and miscellaneous transport. Light-duty vehicle fuel consumption is further sub-divided into

personal usage, and commercial fleet consumption.

Inputs From NEMS Macro Model

Macroeconomic sector inputs used in the NEMS Transportation Model consist of the following:

Gross Domestic Product, industrial output by SIC code, personal disposable income, new car and

light truck sales, total population, driving age population, total value of imports and exports, and

the military budget.

Table 4-1. Macroeconomic Inputs to the Transportation Model
,,

:: . ..... . ,

iMacmeconomic Input 1990 1995 2000 2005 2010
' " : ' _..... * i [ i i[i i i

:New CarSales :(rail) 9.51 9.27 9.76 10.12 10.41
m.,. '

NewlAght Truck Sales (rail) 4.39 5.27 5.65 6.29 6.51
i i .. , l is, • ,, , _ ,i ,

:.DdvingAge ]Population (rail) 192.7 202.1 212.8 223.8 235.4
i'l" " " .... ' " i' ': ,,

-TOtal_pulatton (mtl) 250.3 263.6 275.6 287.1 298.9
!i, " ' ' : .

, ,,, • , , | ,

Source: Energy Information Administration, AEO94 Forecasting System runs AEO94B.D1221934.
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Light.Duty Vehicle Module

Fuel Economy Model

The fuel economy model utilizes 52 new technologies for each size class based on the cost-

effectiveness of each technology, and an initial availability year. The discounted stream of fuel

savings are compared to the marginal cost of each technology. The fuel economy module

assumes the following:

• 4 year payback period on all fuel saving technologies.

• 10% real discount rate.

• Corporate Average Fuel Economy (CAFE) standards remain constant at 1993
levels.

• Expected future fuel prices are calculated based on an extrapolation of the growth

rate between fuel prices three years and five years prior to the present year. This

assumption is founded upon an assumed lead time of three to five years to

significantly modify the vehicles offered by a manufacturer.

• Degradation factors used to convert EPA rated fuel economy to actual "on the

road" fuel economy, are based on application of a logistic curve to the projections

of three factors: increase in city/highway driving, higher congestion levels, and

rising highway speeds. 46',7 Automobile and light truck degradation factors are
assumed to be the same over time.

Resional Sales Model

The vehicle sales share section holds vehicle sales shares by import and domestic manufacturers

constant within a vehicle size class benchmarked to 1990 Oak Ridge National Laboratory data, 48

46

.Llaples, John D., "Th© Light-Duty Vehicle MPG Gap: Ifs Size Today and Potential Impacts in the Future,"
University of Tennesee Transportation Center, Knoxville, TN, May 28, 1993, Draft.

4"/

Decision Analysis Corporation of Virginia, "Fuel Efficiency Degradation Factor," Final Report, Subtask 1, prepared
for. Energy Information Administration, August 3, 1992.

48
Oak Ridge National Laboratory, Transportation Energy Data Book: Edition 13, March 1993.
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Table 4-2. Car and Light Truck Fuel Economy Degradation Factors
I IIIILL _ I Llu ] I

I I I I I BI ]L I[1[ _ Z_ JI I II JII 1_[11 II

1990 2000 2005 2010
i i i i i [_ll

.854 .832 823 .817
[; IlL i LIt I I ,r "it IIn ,_.1. ,1 III II mill I,

Source: Decision Analysis Corporation of Virginia, "Fuel Degradation Factor," Final Report, Subtask 1, prepared for:

Energy Information Administration, August 3, 1992.

Alternative-Fuel Vehicle Model

The alternative-fuel technology choice model utilizes a discrete choice specification, which uses

vehicle attributes as inputs, and forecasts vehicle sales shares among the following sixteen light-

duty technologies: gasoline internal combustion engine (ICE), diesel ICE, ethanol flex, ethanol

neat, methanol flex, methanol neat, electric dedicated (only uses electricity), electric hybrid with

large ICE, electric hybrid with small ICE, electric hybrid with gas turbine, compressed natural

gas (CNG), liquid petroleum gas (LPG), gas turbine gasoline, gas turbine CNG, fuel cell

methanol, and fuel cell liquid hydrogen. Listed below are a few examples of the inputs variables

that correspond to the vehicle attributes used in the analysis. With the exception of vehicle fuel

economy, all other attributes are exogenously set based on offline analysis. 49

Vehicle attributes vary by three size classes, and fuel availability varies by census division.

However, all vehicle attributes correspond to prototype vehicles. It is assumed that once the legit

model estimates future sales shares, these shares are applicable to both cars and light trucks.

Vehicle prices are assumed to represent mass production prices. All alternative-fuel vehicle fuel

efficiencies are calculated relative to conventional gasoline MPG. It is assumed that fuel

efficiency improvements to conventional vehicles will be transferred to alternative-fuel vehicles. 5°

Specific individual alternative-fuel technological improvements are handled separately by varying

the fuel efficiency index over time. Commercial availability estimates are assumed values

according to a logistic curve based on the initial technology introduction date, and were

constructed in cooperation with the DOE Office of Efficiency and Renewable Energy. Model

coefficients summarizing consumer valuation of vehicle attributes were derived from a stated

preference survey conducted in California, and are assumed to be representative of the U.S.

,19Science Applications International Corporation, "Alternative-Fuel Vehicle Module Database," Draft Report, Subtask

4, Prepared for Energy Information Administration, September 15, 1992.

50 Energy and Environmental Analysis, K.G. Duleep, intial coefficients for alternative-fuel vehicles relative to

conventional were used from the Department of Energy, Office of Policy Analysis IDEAS Model.
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Table 4-3. Alternative-Fuel Vehicle Attributes For Three-Stage Legit Model

Small Vehicle Size Class

Electric Dedicated

Ethanol Methanol Vehicle Electric

Gasoline Flex Flex CNG Hybrid Vehicle
iiiiiiiiii iiiiiII ii i _IIii ll[iF iv LIII I IIPIIII"ii i is III II el ii F lllIil iI ii ii il[ ii iiiiiii iiiiiiiii _ i i i llilll

Vehicle Price 1990 $8,200 $12,700 $12,900 $10,950 $58,200* $53,200 *

(1990 $) ......
2010 $12,180 $12,850 $13,050 $13,230 $22,800* $22,340*

_,i,, i ' ' ,s .... i , , , ,, ,i ,, , 'J" ""' , i , ......... I...... ,...........

Vehicle MPG 1990 1.000 1.055 1.095 0.960 1.419 1.541

Relative to ..............

Gasoline 2010 1.000 1.060 1.130 0.950 1.380 1.520
! i ,i i ii iiiii iii ii ii iI II i] I I i [i iiill uui i i i] iII i iiiiiii A i II

Vehicle 1990 350 260 220 225 225 108

Range ...................

(miles) 2010 427 317 268 275 305 i46
-,,,,&,'J.... I'! ,l , i " , JrT",',_',' , 11 . _ '"' ' " ' , ,

Fuel Availa- 1990 1.00 0.01 0.01 0,01 0.05 0,05

bility Relative .............
to Gasoline 2010 1.00 0.06 0.06 0.06 1.00 1.00
'I' , ,, , ' 11' ,, , ,, I , , ",,"_', "',' ,,,..,,,,, i " _: ,,r: ,i ,., ,, ,_ ' , ,,,,

Emission Level 1990 1.00 0.73 0.60 0.51 0.16 0.00

Relative to ..............

Gasoline 2010 1.00 I.19 1.27 0.87 1.71 0.01
[ IIIlll II I ] f ill I i i I II I I i]lllll[ i Ilfl ,I II Jllll T [ I I II

Commercial 1990 1.00 0.00 0.01 0.00 0.01 0.00

Availability ...............

Relative to 2010 1.00 0.25 0.50 0.06 0.81 0.09
Gasoline

'_'tectdcvehicle battery repiacement cost incJlded. ........ " _ " '

Source: Science Applications International Corporation, "Alternative-Fuel Vehicle Module Database," Draft Report,

Subtask 4, Prepared for the Energy Information Administration, September 15, 1992.

The Low Emission Vehicle Program (LEVP) which began in California, has now been instituted
in New York and Massachusetts. The following Zero Emission Vehicle (ZEV) and Ultra Low

Emission Vehicle (ULEV) sales numbers come from the California Air Resource Board.51 In the

low world oil price case and the base case scenarios, only the ZEV sales shares are used. With

51 California Air Resources Board,"Proposed Regulations for Low-Emission Vehicles andClean Fuels, Staff Report,"
August 13, 1990.
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the high world oil price scenario, the ZEV and one half of the ULEV sales shares are included.

Only half of the ULEV sales were included, because there is uncertainty with respect to meeting

the ULEV air standards with reformulated gasoline and a heated catalytic converter. The AFV

model compares these legislative mandated sales to the results from the alternative-fuel vehicle

logit market driven sales shares. The legislative mandated sales serve as a minimum constraint
to alternative-fuel vehicle sales.

Table 4-4. California Low Emission Vehicle Program Sales Mandates

(Percentage of all LDV Sales)
ii i ii J [ ] i

i:: Ultra Low Emission Zero Emission Vehicles

il Vehicles (UI_V) (ZEV),.
, L

1997 2% -
i iiii i[11 i i

1998- 2% 2%
i,, l

i

:: 1999 2% 2%
iii i

?

:: 2000 2% 2%
II ' I

:,. 2001- 5% 5%

.i:: .2002 10% 5%
i i

': i.

•.i;: 2003 • 15% 10%
,J , ,

i

Source: California Air Resources Board, "Proposed Regulations for Low-Emission Vehicles and Clean Fuels, Staff

Report," August 13, 1990.

Light Duty Vehicle Stock Module

Vehicle-Miles Traveled Mod.el

The vehicle-miles traveled (VMT) model forecasts VMT as a function of the cost of driving per

mile, income per capita, ratio of female to male VMT, and age distribution of the driving

population. The ratio of female to male VMT is assumed to asymptotically approach 72 percent

by 2010. Total VMT is calibrated to Federal Highway Administration (FHWA) VMT data.5:

52U.S. Department of Transportation,Federal Highway Administration, Highway Statistics 1990, FHWA-PL-91-003,
1990.
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Light Duty Vehicle Fleet Module

With thecurrentfocusof transportationlegislationoncommercialfleetsandtheircomposition,

the NEMS Transportation Model has been designed to divide commerical fleets into three types
of fleets: business, government, and utility. Based on this classification, commercial fleet

vehicles vary in survival rates and duration in the fleet, before being folded back into the

personal vehicle stock.

Sales sharesof fleet vehicles by fleet type remainconstant overthe forecastperiod. Automobile

fleets are divided into the following shares: business (85.59%),government (7.09%), and utilities

(7.27%). Both car (23.17%) and light truck (13.95%) fleet sales are assumed to be a constant
fraction of total vehicle sales.53

Alternative-fuel shares of fleet sales by fleet type are initially set according to historical shares,

then compared to a minimum constraint level of sales based on legislative initiatives such as the

Energy Policy Act, and the Low Emission Vehicle Program.54'5s Size class sales of alternative-
fuel and conventional vehicles are held constant at historical levels) _

Individualsales sharesof alternative-fuel fleet vehicles by technologytype areassumed to remain
at historical levels for utility and government fleets, but vary for business fleets in accordance

with the technology shares applied in the personal vehicle stocks. Annual VMT per vehicle by

fleet type stays constant over the forecast period based on ORNL fleet data. Fleet fuel economy

for both conventional and alternative-fuel vehicles are assumed to be the same as the personal

vehicle new vehicle fuel economy, and is subdivided into three _ize classes.

53 Oak Ridge National Laboratory, Fleet Vehicles in the United States: C0mposition, Operating Characteristics. and

Fueling P.ractices, Prepared for Department of Energy, Office of Transportation Technologies, and Office of Policy,
Planning, and Analysis, March 1992.

s4 U.S. Department of Energy, Office of Domestic and International Energy Policy, "Assessment of Costs and Benefits

of Flexible and Alternative Fuel Use in the U.S. Transportation Sector, Technical Report Ten: Analysis of Alternative-Fuel
Fleet Requirements," May 1992.

s5 California Air Resources Board, "Proposed Regulations for Low-Emission Vehicles and Clean Fuels, Staff Report,"

August 13, 1990.

56 Oak Ridge National Laboratory. Fleet Vehicles in theUnited S_tes: Composition, Operating Characteristics. and

Fueling Pra¢tices, Prepared for Department of Energy, Office of Transportation Technologies, and Office of Policy,
Planning, and Analysis, March 1992.
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Table 4-5. Commercial Fleet Size Class Shares By Fleet and Vehicle Type

iiii_. Fleet Type. by Size Class ,. Au_moblles i_ Light Tracks,
i i illl ii

i

;; Business Fleet
i i , i i i ii i i i

Small 4.55 37.34
lllll

Medium 71.59 37.90
i i

Large 23.86 24.76

:iiiii_?!ii!:.:

i i i

Sm,,ll 4.35 21.34
i

Medium 56.52 44.39
i J i i

Large 39.13 34.27
i llll

i

..... Utility Fleet
.,

Small 16.67 30.03

Medium 70.00 38.51
i,, i| i i i i i,.,, ,

Large 13.33 31.46

Source: Oak Ridge National Laboratory, Fi¢et Vehicles in the United States: Composition. Operatin_

Characteristics, and Fueling Practices, Prepared for the .Department of Energy, Office of Transportation

Technologies, and Office of Policy, Planning, and Analysis, March 1992.

Fleet alternative-fuel vehicle sales necessary to meet the Energy Policy Act of 1992 (EPACT)

regulations, come from the DOE Office of Domestic and International Energy Policy. 57 Total

projected alternative-fuel vehicle sales are divided into fleets by government, utility, business, and

fuel providers. The business fleets represent one half of the DOE Office of Policy Analysis

estimate, because it is assumed that only half of the business fleets are capable of being centrally

fueled (re-fueled at the same location) as required by EPACT. Although inclusion of the business

fleet is dependent upon a ruling making by the Secretary of Energy, the assumption is that fuel

displacement goals set in EPACT can only be reached by inclusion of the business fleet.

57 U.S. Departmentof Energy,Office of Domestic and InternationalEnergy Policy, "Assessment of Costs and Benefits
of Flexible and AlternativeFuel Use in the U.S. TransportationSector, Technical ReportTen: Analysis of Alternative-Fuel
Fleet Requirements,"May 1992.
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Table 4-6. EPACT Alternative-Fuel Vehicle Fleet Sale Estimates

1990 1995 2000 2005 2010

i:

• Automobiles

State &:Local 'Cmv't 0 0 0 85,538 92,149

]federalGoV,til;:!i 0 5,000 10,692 13,365 13,365
i ii,

iilBmines$ : ; : :::i...: . 0 64,637 69,633 405,826 437,189

_!!iS_l_Vider:_::: i:i:;::_i:;.:. 0 129,274 139,265 150,028 161,623
:::::i ,: i :i:i:i:i.i:::.:..: .i i .: : '?.
l
.i:'_::.. , " :.:: :" • : :' ':. •, • : .

l

•.::,• . . . , .' .• ., .....,.

i

:"FederalGov_ 0 5,000 10,692 13,365 13,365

::Business::: : 0 32,319 34,816 94,612 101,924
• : ' .: .

i.Fuel I_vider I_ 0 64,637 69,632 75,014 80,811

Source: U.S. Department of Energy, Office of Domestic and International Energy Policy, "Assessment of Costs and

Benefits of Flexible and Alternative Fuel Use in the U.S. Transportation Sector, Technical Report Ten:

Analysis of Altenmtive-Fuel Fleet Requirements, May 1992.

Air Travel Module

Air Travel Demand Model

The air travel demand model calculates the ticket price for travel as a function of fuel cost and

other operating costs. Non-fuel operating costs are assumed to remain constant across the

forecast horizon,ss A demographic index based on the propensity to fly was introducedinto the

air travel demand equation,s9 The propensity to fly was made a function of the age and sex

group distributionover the forecast period:°,6_The airtravel demand module assumes that these

58 U.S. Departmentof Transportation,Research and Special ProgramsAdministration, Air CarrierFinancial Statistics
Ouartedvand Monthly,December 1990/1989, and prior issues.

s9 TransportationResearchBoard, F.orecastingCivil Aviation Activity: Methods and Aoproaches, Appendix A,
TransportationResearchCircularNumber 372, June 1991.

6o Decision Analysis Corporation of Virginia, ProposedMethodology For ProjectingAir TransportationDemand, Final
Report, Subtask2, July 8, 1992.
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relationships between the groups and their propensity to fly remain constant over time.

International revenue passenger miles is a fixed percentage of domestic revenue passenger miles

based on historical data.62 Load factors, represented as the average number of passengers per

airplane, are assumed to remain constant over the forecast period.

AircraftFleet Efficiency Model

The aircraft fleet efficiency model consists of a stock model of both wide and narrow body

planes by vintage. The shifting of passenger load between narrow and wide body aircraft takes

place at a constant historicalannual one percent rate.6s The available seat-miles per plane, which

measures the carrying capacity of the airplanes by aircraft type, remains constant and is based

on holding the following constant within an aircraft type: airborne hours per aircraft per year,

average flight speed, and the number of seats per aircraft.

The difference between the seat-miles demanded and the available seat-miles represent newly

purchased aircraft. Aircraft purchases in a given year cannot change above historical annual

growth rates, which sets an upper limit on the application of new aircraft to meet the gapbetween

seat-miles demanded and available seat-miles. With a constraint on new aircraft purchases, it is

assumed that when the gap exceeds histiorical aircraft sales levels planes that have been

temporarily stored or retired will be brought back into service. Technological availability,

Table 4-7. Constant Available Seat-Miles Assumptions By Aircraft Type
i,"!i ,'" ,, , _ ,,,,, , , ,,, ,,,,,, , , , ,,

Seat-blile Vadable Narrow Body Ai_raft Wide-Body Ai_raft
, ,, ,, , ,

Airbeme Hn./Aln:raft per yr. 2,383 3,336

iAveralge Flight Speed (mph) 400 485
, ,,., ... ,, ,,,, ,

i:Mumber efSeats/Ain:raft 126 296
!!:

, , , ,, .,

Source: Federal Aviation Administration, FAA Aviation Forecast.s, fiscal years !9,91-2002, FAA-APO 90-1, and

previous editions.

61 Air Transport Association of America, Air Travel Survey, Washington D.C., 1990.

62 U.S. Department of Transportation, U.S. International Air Travel Statistics, Transportation Systems Center,
Cambridge, MA, annual issues.

63 U.S. Department of Transportation, Federal Aviation Administration, FAA Aviation Forecasts Fiscal Years 1993-
February 1993.
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economic viability, and efficiency characteristics of new aircraft are based on the technologies

listed in the Oak Ridge National Laboratory Air Tranportation Energy Model.64'65 Fuel efficiency

of new aircraft acquisitions represent at a minimum, a five percent improvement over the stock

efficiency of surviving airplanes. 66 Maximum growth rates of fuel efficiency for new aircraft are

based on a future technology improvement list based on an estimate of the introduction year, jet

fuel price, and an estimate of the projected marginal fuel efficiency improvement.

Regional shares of all types of aircraft fuel are assumed to be constant, and are consistent with

the State Energy Data Report estimate of regional jet fuel shares.67

Freight Transport Module

Highway Fmi2ht Model

The freight truck model converts industrial output in dollar terms to an equivalent measure of

vL,iume by using a freight adjustment coefficient. These freight truck adjustment coefficients vary

by industrial SIC code, but remain constant over time, and are estimated from historical freight

data.68._9 Freight truck load factors (ton-miles per truck) by SIC code are constants formulated

from historical load factors. 7° Growth of VMT in the retail sector is assumed to be proportional

to growth in total industrial output. Growth of VMT in the construction sector is assumed to be

proportional to the growth in total disposable income. All freight trucks are subdivided into light,

medium, medium-heavy, and heavy-duty trucks. Freight truck fuel efficiency growth rates

64 Oak Ridge National Laboratory, Energy Efficiency Improvement of Pqtential Commercial Aircraft to 2010, ORIqL-
6622, June 1990.

65 Oak Ridge National Laboratory, Air Transport Energy Use Model, April 1991, Draft.

66 U.S. Department of Transportation, Federal Aviation Administration, FAA..Aviation Forecasts Fiscal Years 1993-
20_.Q0_04February 1993.

67 Department of Energy, Energy Information Administration, State Energy Demand Survey, May 1993.

6s Decision Analysis Corporation of Va., Frei2ht Transpo.rtati0n Requirements Analysis For The NEMS Transportation
Sector Model, Subtask 5, Prepared for Energy Information Administration, August 3, 1992.

69
Reebie Associates, TRANSEARCH Freight Commodity Flow Database, Greenwich, Connocticutt.

70
Oak Ridge National Laboratory, Transvortation Energy Data Book: Edition 13, March 1993.
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Table 4-8. Future New Aircraft Technology Improvement List
I

.... Seat-Miles per Gallon (SMP_

Yearof JetFuelPriceNecessary CcainOver1990's
..

Intro- For Cost-Effectiveness

Proposed Technology auction (8751Gal)
Nanow Body Wide Body

.:

...... ENGINES:,+ • . . : . .

:if::_ _.._. .... .... : . . _.

..!Ultm-hlghiBypass .... 1995 $0.69 10% 10%
:.i:i:..i: : ' " '..: ..... :

2000 $1.36 23% 0%

.... AKIKUUYNAIVU{..'_

:!!HybridLaminarl_low ' ! 2020 $1.53 15% 15%
,:,.. • : ....,.,. : ;:. .

. [ . ' [[[

:,_AdvancedAemdynamics 2000 $1.70 18% 18%

I
• o_

Weight Reducing Materials 2000 - 15*/'0 15%

iii....

:Thermodynamics: 2010 $1.22 20% 20%

Source: Greene, D.L., Energy Efficiency Improvement Potential of Commercial Aircraft to 2010, ORNL-6622,

6/1990., and from data tables in the Air Transportation Energy Use Model (ATEM), Oak Ridge National

Laboratory.

relative to fuel prices are tied to historical growth rates by size class. 71 VMT freight estimates

by size class and technology are based on historical growth rates. Fuel consumption by freight

trucks is regionalized according to the State Energy Data System 1991 distillate regional shares. 72

Rail Freight Model

The rail freight model receives industrial output by SIC code measured in real 1987 dollars and

converts these dollars into an adjusted volume equivalent. Rail freight adjustment coefficients,

which are used to convert dollars into volume equivalents, remain constant and are based on

71
Oak Ridge National Laboratory, TransportationEnergy Data Book: Edition 13, March 1993.

72
U.S. Department of Energy, Energy Information Administration, State Energy Demand Report 1991 , May 1993.
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historical data. 73'74 Initial rail freight fuel efficiencies are based on the freight model from

Argonne National Laboratory. 75 The distribution of rail fuel consumption by fuel type remains

constant and is based on historical data. 76 Regional freight rail consumption estimates are

distributed according to the State Energy Data Report 199 I.77

Waterborne Freight Model

The waterborne freight model also converts industrial output by SIC code measured in dollars,

to a volumetric equivalent by SIC code. 7s These freight adjustment coefficients are based on

analysis of historical data79, and remain constant throughout the forecast period. Domestic

shipping efficiencies are based on the freight model by Argonne National Laboratory. s° The

distribution of domestic and international shipping fuel consumption by fuel type remains

constant throughout the analysis, and is based on historical data.sx Regional domestic and

international shipping consumption estimates are distributed according to the State Energy Data

Report 1991 residual oil regional shares,s2

Emissions Module

The NEMS Transportation model uses the same emissions coefficients by fuel type that are

contained in the Industrial Sector Module Assumptions section.

73
Decision Analysis Corporation of Va., Freight Transportation Requirements Analysis For The NEMS Transportation

Sector Model, Subtask 5, Prepared for Energy Information Administration, August 3, 1992.

74
U.S. Department of Transportation, Federal Railroad Administration, 1989 Carload Waybill Statistics; Te_toriai

Distribution, Traffic and Revenue by Commodity Classes, September 1991 and prior issues.

75
Argonne National Laboratory, Transportation Energy Demand Through 2010, 1992.

76
Oak Ridge National Laboratory, Transportation Energy Data Book: Edition !3, March 1993.

77 Department of Energy, Energy Information Administration, state Energy Demand Survey, May 1993.

75 Decision Analysis Corporation of Va., Freight Transportation Requirements Analysis For The NEMS Transportation

Sector Model, Subtask 5, Prepared for Energy Information Administration, August 3, 1992.

79
Army Corp of Engineers, Waterborne Commerce of the United States, Waterborne Statistics Center, New Orleans,

La., 1991.

80
Argonne National Laboratory, Transportation Energy Demand Through 2010, 1992.

81
Oak Ridge National Laboratory, Transportation Energy Data Book: Edition 13, March 1993.

82
Department of Energy, Energy Information Administration, State Enerav Demand Survey, May 1993.
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Table 4-9. Distribution of Rail Fuel Consumption By Fuel Type

Diesel Fuel Electricity
i

FREIGHT 100% 0%
i ......

PASSENGER:

i.i i i i

! rTramit 0% 100%

i

Commuter 34% 66%
.i

i

. Inten:ity 73% 27%
,, , , ,,,,,,,,,,

Source: Oak Ridge National Laboratory, Transportation Energy Databook: Edition 13..,March 1993.
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Table A-1. List of Transportation Sector Model Variables

The following table itemizes the variables, data inputs, parameters, and indices employed
in each of the Transportation Model's constituent components. These variables are grouped
by module, and are identified by the equation number in Appendix B in which they are first
encountered. The sources of parameters and data inputs are provided immediately
following this table.

IIIII III II T I i II I I I I II roll

• LIGHT DUTY VEHICLE MODULE: Fuel Economy Model
ii .... i iii ii i i i is i i i

:ITEM : _i CLASS. DESCRIPTION UNITS SUBROUTINE EQ #
.... ::: (Source)

--'" i i i i j i ] ' ' 'J'

ACTUALSMKT Variable The economic share of technology/tc, prior to Percent FEMCALC 7
consideration of engineering or regulatory
constraints.

ADJFE Variable The fuel economy adjustment factor Percent FEMCALC 21

ADJHP Variable The fractional change in horspower from the Percent FEMCALC 19
previous year within a given vehicle class

ill

BENCHMPt'3 Input Data MPG benchmark factors to ensure congruence -- FEMSIZE 39
(B) with most recent data from ORNL

C.AFE Variable Actual CAFE values by group Miles per CAFECALC 34
Gallon

CLASS$SHARE Variable Relative market share for each class. Basis for Percent CAFECALC 31
CAFE calculations

CMKS Variable Class market share, subsequently reassigned to Percent CMKSCALC 32
the appropriate vehicle class and group,

CLASS$SHAREicl.i_

COSTEFFECI" Variable A unitless measure of cost effectiveness -- FEMCALC 6
, ,ml

DEL,$COSTABS Variable Change in cost associated with technology itc Percent FEMCALC 4

r)EL$COSTWGT Variable The weight-based change in cost of technology $ per Ib FEMCALC 4
/tc

DELSFE Variable The fractional change in fuel economy Percent FEMCALC 3
associated with technology/tc

,,,

DEL,$HP Variable The fracttonal change in horsepower of Percent FEMCALC 5
technology/tc

DELSMKT Variable The amount of the superseded technoiogy's Percent NOTE$SUPER 26
market share to be removed

DEI_WGTABS Variable The change in weight associated with Ibs FEMCALC 16
technology/tc

DELSWGTWGT Variable The fractional change in weight associated with Percent FEMCALC 4
technology/tc

i

DELTASMKT Variable The change in market share for technology itc Percent FEMCALC 14

DIFFSLN Variable The increment from the base year (1990) of the -- CMKSCALC 29
log of the market share ratio

NationalEnergyModelingSystem
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LIGHT DUTY VEHICLE MODULE: Fuel Economy Model
i ,i i i i i i

ITEM CLASS. DESCRIPTION UNITS SUBROL'TINE EQ #
(Source)

ii i i i i ]1_ i i ii iiiiI i i i i ii ..................... i ii iIIII i I llll if iii ii i /

DISCOUNT Parameter Discount rate used in payback calculation Percent FEMCALC 3
(A)

l l.i i i i J,J i ill i

FE Variable Fuel economy of technology _c, within seven Miles per FEMCALC 3
size classes Gallon

i i ii ill ii i i i i . _ i

FEMPG Variable Average fuel economy by six ORNL size classes MPG FEMSIZE 38

FESIXC Variable Fuel economy for car; within six size classes MPG FEMSIZE 40
i i i i i l llll lll,i i ,i i i i .iH

FESIXT Variable Fuel economy for light trucks within six size MPG FEMSIZE 40
classes

i,H i i, ii i

FUELCOST Variable Projected fuel cost $ per FEMCALC 1
MMBtu

i i i i ,

FUEA.SAVE Variable The expected present value of fuel savings over $ FEMCAI_ 3
the payback period

ii i i i i i i i i i

HP Variable Horsepower HP FEMCALC 18
i i i ii i i i I

icl Index FEM vehicle size class index (7) -- FEMSIZE -
i i i iL ,,,,, • i i

i_ Index CAFE group index: 1 = domestic car, 2 = -- FEMSIZE -
import car, 3 = domestic light truck, 4 =
import light truck

i i i i , .

INCOME Variable Household income $ per year FEMCALC 198
i i, i i,

/no Index The index identifying the technologies in the -- NOTE$SUPER --
superseding group

/sno Index An index indicating the superseded technology -- NOTE3SUPER --
i i i

_c Index The index representing the technology under -- FEMC.ALC 3
consideration

i i i ill ,

MANDMKSH Input Data Mandatory market share Percent FEMCALC 9
(A)

ii i ,,, i i

MAP Input Data Array of mapping constants, which converts -- FEMSIZE 35
(A) FEM to ORNL size classes

i

MAPSALE Variable Disaggregate v.';r.iclesales Units FEMSIZE 35
, i i

MAPSHR Variable Sales shares within the disaggregate array Percent FEMSIZE 37
i

MAX$SHARE Input Data The maximum market share of the group,/no Percent NOTESSUPER 25
(A)

MK'I3MAX Input Data Maximum market share of technology in given Percent NOTE3SUPER 25
(A) class

i I lll

MKTSPEN Variable Market share of technology in given class and Percent FEMCALC 8
year

i i i

MMAX Variable The maximum market share for techr.ology _c, Percent FEMCALC 7
obtained from MKTSMAX

N Index Time period index (1990 : 1) -- FEMSIZE --
.........
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LIGHT DUTY VEHICLE MODULE: Fuel Economy Model

ITEM CLASS. DESCRIPTION UNITS SUBROUTINE EQ #
(Source)

IIILIIFII I II ii in I[I l I i II III IIIII I I . i i IIIIIII II III i IIIll II

num_up index The number of technologies in the superseding -- NOTF..$SUPER -
group

i i ,,J i

NVS7SC Variable New vehicle sales within the seven FEM size Units TSIZE 41
classes

ORNLMPG Input Data Most recent (1992) fuel economy data from MPG FEMSIZE 39
(B) OR_

osc Index ORNL size class index (6) -- FEMSIZE -
Ii

PAYBACK Input Data The user-specified payback period Years FEMCALC 3
(A)

i i i i illll i iiiiiiii i ii i ii

PERFFACT Input Data Performance factor (multiplier for horsepower -- FEMCALC 19
(A) adjustment)

PMAX Parameter The institutional maximum market share, which Percent FEMCALC 7
(A) models tooling constraints on the part of the

manufacturers

PRICE Variable Vehicle price $ FEMCALC 17

PRICESEX Variable The expected price of fuel $ FEMCALC 2

PSLOPE Variable The fuel cost slope -- FEMCALC 1

RATIO$LN Variable Log of the market share ratio of the considered -- CMKSCALC 31
vehicle class

REGCOST Variable A factor representing regulatory pressure to $ per MPG FEMCALC 6
increase fuel economy

RF_$MKT Input Data The total market share of those technologies Percent FEMCALC 10
(A) which are required for the implementation of

technology itc, indicating that technology's
maximum share

,,, ,

SYNRSDEL Input Data The synergistic effect of two technologies on -- FEMCALC 13
(A) fuel economy

TECHCOST Input Data The cost of technology/to $ FEMCALC 4
(A)

TOTSMKT Variable The total market share of the considered group Percent NOTE._UPER 27
of technologies

TOTNVS7 Variable Total new vehicle sales within the six ORNL Units FEMSIZE 36
size classes

VALSPERF Input Data The dollar value of performance of technology $ FEMCALC 5
(A) ,c

VALUEPERF Variable The value associated with an incremental $ FEMCALC 5

change in performance

WEIGHT Variable The base year vehicle weight, absent the ibs FEMCALC 4
considered technology

i, t

YF..AR Index Year index (YEAR = N+ 1) -- FEMSIZE --
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I I iiii/[llllrrlUl iiiiii iii ......................... ii iiiiiiii iii iii ii i

;,, ,,,, LIGHT DUTY VEHICLE,...... MODULE: Regional Sales Model ........

ITEM CLASS.'! , .... UNITS'lSUnROtmNE'l EQ #.......... i'lllmll ...... i ...... iii Itlll =" I ....... 1 ..... _'1'Irl'i I i_ I I [ III III T I lit [ Illllll iii I ( Ill II IIIH iL

AHPCAR Variable Average automobile horsepower HP TSIZE 49
i ,.. i ,i i i . ,. , ,,,,,, . i. i i ii i i i i ,, .....

AHPTRUCK Variable Average light truck horsepower HP TSIZE 50
i i i!lllll] u i i i i i iiiii i i ii iii ii i i i ii

COMTSHR Data Input Fraction of new light trucks dedicated to Percent TSIZE 42
(B) cc.mmercial freight

__ gl[ j I I I I I III II IIII IIII IIIj I I I I I III IIIII I

COSTMIR Variable The cost of driving in region PEG $ per Mile TREG 52
iii iii i Unlllll I II I II I III III I I I II I I

DAF Parameter A demographic adjustment factor, to reflect -- TEXOG 55
(C) different age groups' driving patterns

ii I i 11 i iiii iiii ii ii ii

FLTCRAT Parameter Fraction of new cars purchased by fleets Percent TSIZE 41
(s)

, i i

FLTTRAT Parameter Fraction of new light trucks purchased by Percent TSIZE 42
(B) fleets

i i iiiii iiii i ii iiiii ii i iii i i i i i

GROUP Index index indicating domestic or imported vehicles -- TSIZE --
u i , ,u,, ,,, , l ,, ,,, ,,

HP Variable Vehicle horsepower by FEM size class, group HP TSIZE 47
i i ii i i i iii iiii i

HPCAR Variable Average horsepower of new automobiles, by HP TSIZE 47
sizeclassSC

ii i i i i ii

HPTRUCK Variable Average horsepower of new light trucks, by HP TSIZE 48
size class SC

,,,., i ii i i u u ,u i i

INCOMER Variable Regional per capita disposable income $ TREG 53
i i i ill J

LTSHRR Variable Non-fleet market shares of light trucks, by size Percent TSIZE 46
class SC

Illl I III [ I I IIIIlll I III I I

NCS. Variable New car sales, by size class and region Units TREG 57
i i i i uu u J, , ,. , ,. i m, i i

]_;.:STSCC Variable New car sales in the modified six size classes, Units TSIZE 43
$C

,.,, i i,ii ,,,11 ,, .

NITS Variable New light truck sales, by size class and region Units TREG 5_.
,,uJ u, u , , ,, , .

NLTSTSCC Variable New light truck sales in six size classes SC Units TSIZE 44
i i i iiiii iiii i i iiii i |11 ii ii

NVS7SC Variable New vehiclesales in the original seven FEM Units TSIZE 43
size classes

iiiiiiii ill i Illl g

PASSHRR Variable Non-fleet market shams of automobiles, by Percent TSIZE. 45
size class SC

.,, i i i lu

PRFEM Data Input Ratio of female to male driving rates -- TVMT 54
(V)

i i Illl I I I II iJlll i i

KIlO Parameter Lag factor for the VMT difference equation -- TVMT 54
(c)

i ii ,i i u |l | i i ,,

RSHR Variable Regional VMT shares Percent TREG 57

SALP_HR Data Input Fraction of vehicle saleswhich are Percent TSIZE 41
(B) domestic/imported

SEDSHR Variable Regional share of the consumption of a given Percent TREG 51
fuel in period T

i iii i iii IHIIII IllIIIII J IIIll I IH Ill i

TMC POP16 Variable Total regional population over the age of 16 -- TMAC 55
,,,

NMionaiEnergyModelingSystem
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LIGHT DUTY VEHICLE MODULE: Regional Sales Model

rI'EM CLASS. DF__CRIFI'ION UNITS SUBROUTINE EQ #
i!

i " ill i i 'l 'i "" ,u , i i Hi i' i '""' ' i i i

TMC_POPAFO Variable Total population in region PEG -- TMAC 53

TMC_SQDTRUCK Variable Total light truck sales (supplied by the Units TMAC 42
SL MACRO m(xlule)

i ,,,,, H , , H , ,

TMC_SC)TRCARS Variable Total new car sales (supplied by the MACRO Units TSIZE 41
module)

TMC YD Variable Estimated disposable personal income by $ TMAC 51 i-- I

region,RE(;

VM'I36R Variable Vehicle-miles traveled per population over 16 -- TREG 54
yean of age

, i i i i

VMTEER Variable Total VMT in region REG -- TREG 55
L' .7 I,,H ,, i i i ,,, , ........ i ,,, ,

[_[ II jil i 1111ill iiii i i i i i ii ll,ifiii iiii i i I 1111 i i i i i i ii i

•_ LIGHT DUTY VEHICLE MODULE: Alternative Fuel Vehicle i_Iodel
I

CLAss. DESCR,PT,ON UN,TS SUROU, i #
ilill i i i i i i i i ii iiii iI i I i / /i iiii I, i

AFCOST Variable Alternative vehicl_ fuel price $ per MMBtu TALT3 60

APSHRll Variable Relative market shares of each aggregate Percent TALT1 76
technology

APSHR22 Variable Relative market shares of each AFV
technology Percent TALT2 72

,,,,,, , ,,, , ,,H,,,, ,,

APSHR33 Variable Relative market shares of each EV technology Percent TALT3 68

APSHR44 Variable Absolute market shares of each technology Percent TALT1 79

BETACONST Parameter Constant associated with each considered -- TALT3 66
(F) technology/7"

BETACONST1 • Parameter Constant associated with each considered -- TALT1 74
(F) technology

lilll ilia i

BETACONST2 Parameter Constant associated with each considered AFV TALT2 70
(F) technology

BETAEM Parameter Coefficient associated with vehicle emissions -- TALT3 66
(F)

BETAEM2 Parameter Coefficient associated with the square of -- TALT3 66
(F) vehicle emissions

BETAFA Parameter Coefficient associated with fuel availability -- TALT3 66

BETAFA2 Parameter Coefficient associated with the square of fuel -- TALT3 66
(F) availability

Ill IIII I III II II I I I II

BETAFC Parameter Coefficient associated with fuel co_t ($).t TALT3 66
(F)

BETAVP Parameter Coefficient associated with vehicle price ($).1 TALT3 66
(_

NMional Energy Modeling Symem
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, , ,,,,,I ,, , , L I ] II IIIII lull III I lllll I flItS Hlllllt [ I :: I I I I I

LIGHT DUTY VEHICLE MODULE: Alternative Fuel Vehicle Model

" ITEM_ CLASS. DESCRIPTION UNITS SUBROUTI EQ #
- i ii '"" ' , ,,,,, ,,, ' ,,, p

BETAVR Parameter Coefficient associated withvehicle range (Miles) "1 TALT3 66
(F)

iiiiii i iiiii illl l i i iiiiiii i iii iii i

BETAVR2 Parameter Coefficient associated with the square of (Miles) "2 TALT3 66
(F) vehicle range

COMAV Input Data Commercial availabilityof each AFV
(E) technology -- TALT3 59

COPCOST Variable Fuel operating costs for each AFV technology Cents per TALT3 65
Mile

IIIIIII I II IIII • I IIIllll Is r

COPCOST1 Variable Fuel operating costs for conventional and Cents per TALT1 74
alternative vehicles mile

COPCOST2 Variable Fuel operating costs for alternative vehicles Cents per TALT2 70
mile

i i i • ill i i i i ii i i i i

EMISS1 Input Data Emissions levels relative to gasoline ICE's -- TALT1 74
(E)

EMISS2 Input Data AFV emissions levels relative to gasoline ICE's -- TALT2 70
(E)

EMISS3 Input Data EV emissions levels relative to gasoline ICE's Percent TALT3 66
(E)

i i i lii II . m ill i i

EVC1 Variable Exponentiated value of vehicle ut!iity vector -- TALT1 75

EVC2 Variable Exponentiated value of alternative vehicle -- TALT2 71
utility vector

EVC3 Variable Exponentiated value of electric vehicle utility -- TALT3 67
vector

FAVAIL Input Data Availability of each alternative fuel relative to Percent TALT3 60
(E) gasoline

FAVAILll Input Data Fuel availability for conventional and Percent TALT1 74
(E) alternative technologies

FAVAIL22 Input Data Alternative technology fuel availal_ility Percent TALT2 70
(E)

FAVAIL33 Input Data Fuel availability for EV technologies Percent TALT3 66
(E)

FEC3SC Variable Automobile fuel economy within the three MPG TALT3 61
reduced size classes

FET3SC Variable Light truck fuel economywithin the three MPG TALT3 62
reduced size classes

i

/T Index Index of the sixteen engine technologies -- TALT3 --
considered by the model

RFP Variable Regional fuel price Dollars per TALT3 50
MMBtu

TI'50 Input Data The exogenously specified year in which 50% Year TALT3 59
(X) of the demand for technology/T can be met

NationalEnergyMod4llngSystem
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1
_!_UGHT ' leDUTY VEHICLEIMODULE: Alternative:Fuel Vehic _Modeli' _ _

:il _ITEMIii ]iI_CLASS. i DESCRIPTION UNITS SUBRO_NEI EQ#
lll ll i i i

VCl Variable Utility vector for conventional and alternative -- TALTI 74
vehicles

i,i i i,, i

VCl Variable Utility vector for conventional and alternative -- TALTI 74
vehicles

I III I I I

VC2 Variable Utility vector for alternative vehicles -- TALT2 70

VC3 Variable Utility vector for electric vehicles -- TALT3 66

VEFF Input Data Fuel economy of technology/T, relative to -- TALT3 64
(E) gasoline baseline

i i

VEFFACr Variable Baseline efficiency of gasoline ICE's, in MPG Miles per TALT3 63
MMBtu

i , Ill H ,I

VPRICE1 Input Data Price of each considered technology in 19905 1990 $ TALTI 74

VPRICE2 InputData Price of each considered AFV technology in 1990 $ TALT2 70
(E) 19905

i i i ,i ,

VPRICF..3 InputData Price of eac_ considered EV technology in 1990 $ TALT3 66
(_) 19905

_l ,llll, l II l I,

VRANGE1 InputData Vehicle range of the considered technology Miles TALT1 74

VRANGE2 Input Data Vehicle range of the considered AFV Miles TALT2 70
(E) technology

II I I

VRANGE3 Input Data Vehicle range of the considered EV technology Miles TALT3 66
(E)

, , , ,,a • , • ,



[!i_ i !ii_ 'i!i _ i LIGHT DUTYI_HICLE STocK MoDuLE

_: CLASS. DESCRIPTION UNITS SUBROUTINK EQ #
, , , -_.............i l i i i ',,

[ADJVM'rPc Variable Demographically-adjusted per capita VMT Vehicle-miles TVMT 142
I

AMPGC Variable iThe average MPG of can within the reduced Mi|.'_ per TMPGS'rK 129
APV size class gallon

i , i i i

AMPGT Variable The average MPG of trucks within the Miles per TMPOSTK 129
reduced AFV sizeclass gallon

i ,, i

ANCMPG Variable Average new car MPG Miles per TMPGSTK 133
gallon

_ ii i iii ii i ii i

ANTMPG Variable Average new light truck MPG Miles per TMPGSTK 133
gallon

| i ,,i

APSHRNC Variable Absolute market share of new cam, by Percent TMPGSTK 133
technology, from the AFV model

iliil i i li i

APSHRaMT Variable Absolute market share of new light trucks, by Percent TMPGSTK 133
technology, from the AFV model

i i iiiimiiiiii iii ill iiiii i

ASC Index The three AFV size classes, onto which the -- --

.... sixprimary,size classes aremapped .......

CCMPGLDV Variable New car MPG, by technology/7' MPG TMPGAO 156
i i.

CMPGSTK Variable Automobile stock MPO, by vintage and Miles per TMPGSTK 135
technology gallon

i i , i i,ll

CMPGT Variable Automobile stock MPG Miles per TMPGSTK 135
gallon

., i iJ i ,ll i

COSTMI Variable Cost of driving per mile $ per mile 'IVMT 139
i Hi • i i i

DAF Input Data Demographic adjustment factor -- TVMT 142
(c)

i,i i i

FLTECHSAL Variable Fleet sales by size, technology, and fleet type Units TMPGAG 153
iiii ii

FLTECHSALT Variable Vehicle purchases by fleet type and technolgy Units TMPGAG 153
, ill i i

FLTECHSTK Variable Total fleet vehicle stock, by technology and Units TMPGAG 155
!fleettype

i i i i i i

FLTMPG Variable Fleet vehicle MPG by vehicle type, size class, MPG TMPGAG 154
and technology

i In I I i L ilil

FLTMPGNEW Variable New fleet vehicle MPG, by vehicle type and MPG TMPGAG 156
technology ITECH

FLTSTOCK Variable New fleet stock, by vehicle type and Units TMPGAG 155
technology/TECH

i i ii mJ i i i

FLTVMT Variable Fleet VMT Vehicle-miles TVMT 144
i i , i H i i i

FLVMTSHR Variable VMT-weightcd shares by size class and Percent TFREISMOD 148
technology

is i i i mi,

FVMTSC Variable Freight VMT by size class Vehicle-miles TVMT 144

INCOME Variable Per capita dLslmGablepezsonalincome $ TVMT 140
i i i llll

I$ Index Index of size class (1-3) -- TMPGAG --
....



LIGHT DUTY VEHICLE STOCK MODULE

ITEM CLASS. DESCRIPTION UNITS SUBROUTINE EQ #
i i iiiii i

!r/" Index Index of vehicle technology (1-16} -- TMPGAG --

/72 Index Reassigned indices of vehicle technology/7"2 -- TMPGAG --
= 1-16;/T= 16,15,1-14

ITECH Index lindex of fleet vehicle technologies which -- TMPGAG --
correspond to the/'/" index

/TY Index Index of fleet type: Business, Government, -- TMPGAG --
Utility

LTSTK Variable Surviving light truck stock, by technology and Units TSMOD 120
vintage

LVMT Variable Average light truck VMT, by vintage, from Vehicle miles TEXOG 134
RTECS traveled

MPGC Variable New car fuel efficiency, by engine technology Miles per TMPGSTK 131
gallon

MPGC Variable New car MPG, by technology/7' MPG TMPGAG 156
iii1 Illll Ill i

MPGFLT Variable Stock MPG for all light duty vehicles Miles per TMPGSTK 137
gallon

MPGT Variable New light truck fuel efficiency, by engine Miles per TMPGSTK 131
technology gallon

MPGTECH Variable Average stock MPG by technology MPG TMPGSTK 138
' t

NCMPG Variable New car MPG, from the FEM model Miles per TMPGSTK 132
gallon

NCS3A Variable New car sales by reduced size class and Units TMPGSTK 125
engine technology:
IS -- 1, OSC = 1,6; IS = 2, 05C = 2,3; IS
= 3, OSC = 4,5

NCS3SC Variable Total new car sales by reduced size class Units TMPGSTK 127
,, , ,.,,,,,, ,, ,,,i

NCSR Variable Regional new car sales by reduced size class Units TMPGSTK 126

NCSTECH Variable New car sales, by region, size class, and Units TSMOD 119
technology, trom the AFV Module

iiii i

NLT3A Variable New light truck sales by reduced size class Units TMPGSTK 125
and technoigy: IS = 1, OSC = 1,3; IS = 2,
JOSC = 2,5; IS = 3, OSC = 4,6

,,= .,, ,,,,

NLTECH Variable [New light trucksales, by region, size class, Units TSMOD 119
and technology

NLTM:_=G Variable New light truck MPG, from the FEM model Miles per TMPGSTK 132
gallon

NLTS3SC Variable Total new light truck sales by reduced size Units TMPGSTK 127
class

i

NLTSR Variable Regional new light truck sales by reduced size Units TMPGSTK 126
class

NNCSCA Variable New conventional car sales by six size classes Units TMPGSTK 128

NationalEnergyModelingliylem



LIGHT DUTY VEHICLE STOCK MODULE '.....
,,, i l, , , i,i ! m i

"_ _ _" _ _ _ ;P _ _ _ _ _ d _ ' r C_S" DESCRIPTION UNITS SUBROUTINE[ EQ# ii_: ;': ' ': " ," _ ' i' ' .1,,11 " " "" i' ' "' i

NNLTCA Variable New conventional light truck sales by six size Units TMPGSTK 128
classes

,i , , , ,, .. H, ., .

OLDFSTK Variable Number of fleet vehicles rolled over into Units TSMOD 122
corresponding private categories

iiii ii ii i [ i iiii i ii i I i

PASSWK Variable Survivingautomobile stock, by technology and Units TSMOD 120
vintage

PrFem Data Input The ratio of per capita female driving to per -- TVMT 141
(C) [capita male driving.

i Illml Ill III IIII IIII I I II I II I

PVMT Variable Average automobile VMT, by vintage, from Vehicle miles TEXOG 134
RTECS traveled

............ Light ............RATIO Variable truck MPG adjustment factor -- TMPGSTK 130
i, i . i ,ll . ii ill

RHO Parameter Difference equation lag factor, estimated, -- TVMT 141
(C) using the Cochrane-Orcutt iterative

procedure, to be 0.72
., i .i |,. i iH i

SCMPG Variable Stock MPG for automibles Miles per TMPGSTK 136
gallon

SSURVLT Input Data Fraction of a given vintage's light trucks Percent TSMOD 120
(B) which survive

i .,.,.i Hi i i i ii

SSURVP Input Data Fraction of a given vintage's automobiles Percent TSMOD 120
(B) which survive

STKCAR Variable Total stock of non-fleet automobiles in year T Units TSMOD 123
i Ill II I

STKCT Variable Stock of non-fleet vehicles, by technology Units TMPGAG 158
H i.i, i ,, i Hi, , .,H ,,,, ,i .,

SIXTR Variable Total stock of non-fleet light trucks in year T Units TSMOD 123

STMPG Variable Stock MPG for light trucks Miles per TMPGSTK 136
gallon

STOCKLDV Variable !Total stock of fleet and non-fleet vehicles, by Units TMPGAG 158
technology

I I II I I IIHII

TECHNCS Variable Non-fleet new car sales, by technology/T Units TMPGAG 156
iii ii ii i iii ii

TECHNCS Variable Total new carsales, by technology Units TSMOD 119

TECHNLT Variable Total new light truck sales, by technology Units TSMOD 119

!TI=..CHNLT Variable Non-fleet new light truck sales, by technology Units TMPGAG 157
/T

, H,

TLDVMPG Variable Average fuel economy of light-duty vehicles MPG TMPGAG 161
w,,, ,. , H

TMC POPAFO V_riable Total population, from MACRO module Units TVMT 140
.., . .H,

TMC SQDTRUCKSL Variable Total light truck sales, from MACRO module Units TFREISMOD 147

TMC YD Variable Total diSlmsable personal income, from $ TVMT 140
MACRO module

TMPGLDVSTK Variable Average MPG by vehicle type VT MPG TMPGAG 160................

NaUoeadEnergyMocking8yWlem
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i

..... _ i:..... LIGHT :DUTY VEHICLE STOCK MODULE '
i ,i, i i i i

ITEM *= , CLASS. DESCRIPTION UNITS SUBROUTINE EQ#

TMPGT Variable Light truck stock MPG Miles per TMPGSTK 135
gallon

i

TOTMICI" Variable Total miles driven by cars Miles TMPGSTK 134
i

TOTMITT Variable Total miles driven by light trucks Miles TMPGSTK 134

TPMGTR Variable Price of motor gasoline $ per gallon TVMT 139

TRFLTMPG Variable Average light truck MPG MPG TFREISMOD 152

TRSAL Variable Light truck sales for freight Units TFREISMOD 147
i i ,, ii i

TRSALTECH Variable Light truck sales by technology Units TFREISMOD 148

TRSTK Variable Total light truck stock. Units TFREISMOD 151
iiii ,, i i i

TRSI'grECH Variable Light truck stock by technology Units TFREISMOD 149
i i i

TRSTK'rOT Variable Total light truck stock by technology Units TFREISMOD 150i , i ,,i i i

TSTOCKLDV Variable Total stock by vehicle type FT Units TMPGAG 159i i

TTMPGLDV Variable New light truck MPG, by technology/7' MPG TMPGAG 157
i

TrMPGSTK Variable Light truck stock MPG, by vintage and Miles per TMPGSTK 135
technology gallon

VDF InputData Vehicle fuel efficiency degradation factor Percent TMPGSTK 135

i i i

I
VMTECH Variable ,Personal travel VMT by technology Vehicle-miles TVMT 145

i i

VMTEE Variable VMT for personal travel Vehicle-miles TVMT 144
ill

VMTLDV Variable Total VMT for light duty vehicles Vehicle-miles TVMT 143

VSPLDV Variable The light duty vehicle shares of each of the Percent TSMOD 124
sixteen vehicle technologies

,,,, i ill

IF/' Index Index of vehicle type: 1 = cars, 2 = light -- TMPGAG --
trucks

XLDVMT Variable Fractional change of VMT over base year Percent 'IWMT 146
(1990)

National Energy Modeling 8ystom
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:_ :_,:::_:_i::i ::: LIGHTDUTY VEHICLE FLEET MODULE
,..,. ,, ., i ,

l_IL " ' ' " ,.,,_....

APSHR55 Variable Absolute regional market shares of adjusted Percent TLEGIS 102
vehicle sales

llll i, i . i mu

:APSHRFLTB Variable Market shares of business fleet by vehicle type Percent TLEGIS 106
and technology

i APSHRFLTB Variable Alternative technology shares for the business Percent TLEGIS 84
fleet

APSHRFLTOT Variable Aggregate market shares of fleet vehicle Percent TLEGIS 105
technologies

APSHRNC Variable Market shares of new cars by technology Percent TLEGIS 104

APSHRNT Variable Market shares of new light trucks by Percent TLEGIS 104
technology

, , , ,,,,,,, ,,,, ,,s ,,,, ,,, ,.,

AVSALES Variable Regional adjusted vehicle sales by size class Units TLEGIS 97

AVSALF.ST Variable Total regional adjusted vehicle sales by size Units TLEGIS 100
class

[ iiii m i i

ELECVSAL Variable Regional electric vehicle sales Units TLEGIS 92

ELECVSALSC Variable Regional ZEV sales within corresponding Units TLEGIS 96
regions

EPACT Parameter Legislative mandates for AFV purchases, by Percent TEXOG 81
(H) fleet type

FLTALT Variable Number of AFV's purchased by each fleet type Units TFLTSrKS 81
in a given year

FLTAPSHR1 Input Data Fraction of each fleets' purchases which are Percent TEXOG 81
(G) AFV's, from historical data

HI iii •

FLTCONV Variable Fleet purchases of conventional vehicles Units TFLTSrKS 82
mill i ililiilii I i i I i IIII ii i ii i

FLTCRAT Input Data Fraction of total car sales attributed to fleets Percent TEXOG 80
(o)

i , i

FLTCSHR Input Data Fraction of fleet cars purchased by a given fleet Percent TEXOG 80
(o) type

i . BiB i i Illi

FLTECH Variable Vehicle purchases by fleet type and technology Units TFLTSTKS 85

FLTECHSAL Variable Fleet sales by size, technology, and fleet type unts TFL_ 84
i ii i H i,, ill

FLTECHSHR Input Data Alternative technology shares for the Percent TEXOG 84
(G) government and utility fleets

FLTFCLDVBTU Variable Fuel consumption by vehicle type and MMBtu TFLTCONS 117
technology

i,ll H,, ,,,,

FLTFCLDVBTUR Variable Regional fuel consumption by fleet vehicles, by MMBtu TFLTCONS 118
technology

NationalEnergyModelingSystem
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i! LIGHT DUTY VEHICLE FLEET MODULE
; i i ii i i

ITEM CLASS. DESCRIPTION UNITS SUBROUTINE EQ#
I I I III I li IIIIII III Ilia I I I I I i II I III I

FLTLDVC Variable Fuel consumption by technology, vehicle and MMBtu TFLTCONS 116
fleet type

FLTMPG Variable New fleet vehicle fuel efficiency, by fleet type Miles per TFLTMPG 110
and engine technology Gallon

FLTMPGTOT Variable Overall fuel efficiency of new fleet cars and MPG TFLTMPG 112
light trucks

FLTSAL Variable Sales to fleets by vehicle and fleet type Units TFLTSTKS 80

_'LTSLSCA Variable Fleet purchases of AFV's, by size class Units TFLTSTKS 83. , H,

FLTSLSCC Variable Fleet purchases of conventional vehicles, by Units TFLTSTKS 83
size clara

FLTSSHR Input Data Percentage of fleet vehicles in each size class, Percent TEXOG 83
(G) from historical data

l lll ,, ii

FLTb"rKVN Variable Fleet stock by fleet type, technology, and Units TFLTSTKS 86
vintage , ,

FLTrOTMPG Variable Fleet vehicle average fuel efficiency for cars Miles per TFLTMPG 115
and light trucks Gallon

FLTFRAT Input Data Fraction of total truck sales attributed to fleets Percent TEXOG 80
(o) .....

FLTI'SHR Input Data Fraction of fleet trucks purchased by a given Percent TEXOG 80 ,J
(G) fleet type

,,

FLTVMT Variable Total VMT driven by fleet vehicles Vehicle Miles TFLTVMTS 108
Traveled

FLTVMTECH Variable Fleet VMT by technology, vehicle type, and Veh;cle Miles TFLTVMTS 109
fleet type Traveledi,,,,, i, ...-..,. ,l

__Jill I I

FL'rVMTNR Variable Annual miles of travel per vehicle, by vehicle Miles TFLTVMTS 108
and fleet type

FMSHC Variable The market share of fleet cars, from the AFV Percent TFLTMPG 110
model

, Hii,

FMSHLT Variable The market share of fleet light trucks, from the Percent TFLTMPG 110
AFV model

IR Index Corresponding regions: ST = CA, MA, N'Y; -- TLEGIS --
IR = 9,1,2 i

IS Index Index of size classes: 1 = small, 2 = medium, -- TFLTSTKS --
3 = large

ITECH Index Index of engine technologies: 1-5 = alternative -- TFLTSTKS --
fuels (neat), 6 = gasoline

/TF Index Index of fleet vehicle technologies, -- TLEGIS --
corresponding to/T = 3,5,7,8,9

i Hi ,

/TY Index Index of fleet type: 1 = business, 2 = -- TFLTVMTS -
government, 3 = utility

MAXV/NT Index Maximum/V/NT index associated with a given -- TFLTMPG --
vehicle and fleet type ,,

NationalEnergyModelingSystem
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• .....
_ LIGHT DUTY VEHICLE FLEET MODULE

i ,.,, .. __ .,.., i i u i,

ii: ITEM ...... I CLASS, DESCRIPTION [ UNITS [SUBROUTINE I EQ #!:i
i I i i I ii lima i il I ii i I iiiii lillill_i ililttt I It

MPGFLTSTK Variable Flee. PG by vehicle and fleet type, and Miles per TH..TMPG 114
techr., ,._Jgy,across vintages Gallon

i lul i ,, ,,, i

MPGFSTK Variable Fleet MPG by vehicle and fleet type, Miles per TFLTMPG 113
technology, and vintage Gallon

, ,,.,, , ,,, .,i,,. ,|, ,, i, .

NAMPG Variable _: :wAFV fuel efficiency, from the AFV model Miles per TALT3 110
Gallon

iii i iii i[11 ii ii iii ii iii iiii i

NCSTECH Variable Regional new car sales by technology, within Units TLEGIS 107
six size classes: 05C ffi1-6; IS = 2,1,1,3,3,2

NLTECH Variable Regional light truck sales by technology, with Units TLEGIS 107
six size classes: OSC = 1-6; IS -- 12,1,3,2,3

. i i. , i

OLDFSTK Variable Old fleet stocks of given types and vintages, Units TFLTSTKS 87
transferred to the private sector

i i ,. j i .,

QBTU Input Data Energy content of the fuel ::ssociated with each Btu/Gal TFLTCONS 117
(I) technology

., . , ,, ,., ,, .,

RSHR Variable Regional VMT shares, from the Regional Sales Percent TREG 118
Module

, i ,.u H

ST Index Index of participating state: CA, MA, NY -- TLEGIS --
., i,J,, i i .., ,..

STATESHR Variable Share of national vehicle sales attributed to a Percent TLEGIS 94
given state

SURVFLT'r Input Data Survival rate of a given vintage Percent TFLTSTKS 86
(O)

i | m, ,i i

TFLTECHSTK Variable !Total stock within each technology and fleet Units TFLTSrKS 88
type

. i i ,.,,, , , , , ,,,

TMC_SQDTRUCKSL Variable Total light trucksales in a given year Units TMAC 80i . , .. i ii

TMC SOTRCARS Variable Total automobile sales in a given year Units TMAC 80

TOTFLTSTK Variable Total of all survivingfleet vehicles Units TFLTSTKS 89

ULEV Data Input State-mandated minimum sales share of Percent TLEGIS 94
(J) ULEV's

ULEVST Variable State.mandated minimum sales of ULEV's Units TLEGIS 94

VFSTKPF Variable Share of fleet stock by vehicle type and Percent TFLTSTKS 90
technology

VSALES Variable Total disaggregate vehicle sales Units TLEGIS ' 91

VSALESC16 Variable Total new carsales by technology: IS = 1, Units TLEGIS 103
OSC = 2,3; IS = 2, OSC = 1,6; IS = 3, OSC
= 4,5

,, ., i ,.., . .,., u.

VSALEST Variable Total regional vehicle sales, by size class Units TLEGIS 93
i

VSALEST16 Variable Total new light truck sales by technology: IS Units TLEGIS 103
= 1, OSC = 1,3; I$ = 2, 05C = 2,5; IS = 3,
OSC = 4,6

VT Index Index of vehicle type: 1 = cars, 2 = light -- TFLTSTKS --
trucks

,, ..........
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........................... i i iiii i iii r i i i TIflT [ i iiiiiiiii lJ[ii iiiI ] ] II i i i i I iii i

, LIGHT DUTY VEHICLE FLEET MODULE

ITEM . CLASS. DESCRIPTION NITS SUBROUTINE EQ#
I Ill II Ill IUII I I I I ,llll I I Ill II I

ZEV Data Input State-mandated minimum salesshare of ZEV's Percent TLEGIS 94
O)

ZEVST Variable State-mandate.dminimum salesofZEV's Units TLEGIS 94
, ,,,, , ,,,H ,

ZEVSTSC Variable Mandated ZEV sales by size class and state Units TLEGIS 95

i ,, i ,, ,, i , , ,,

• AIR TRAVEL MODULE:Air Travel Demand Model .......:.
, i, ,,, ,11

....: I , D,ESCRIPT,!0N UN,!,TS,,i,, SUBROUTINE EQ#
I I Ill I I Ill I

DFRT Parameter Fraction of freight ton-miles transported on Percent TAIRT 199
(O) dedicated carriers.

DI Parameter Demographic air travel index, reflecting -- TAIRT 201
(O) public's propensity to fly

EOSM Input Data Equivalent seat-miles conversion factor, used -- TAIRT 204
(O) to transform freight RTMs to seat-miles

I.FDOM Parameter Load factor, the average fraction of seats Percent TAIRT 204
(O) which are occupied in domestic travel.

LFINTER Parameter Load factor for international travel.
(O) Percent TAIRT 204

OPCST Input Data Airline operating costs. Dollars per TAIRT 195
(O) Aircraft-Mile

..,, ,,,,,, .

PCTINT Parameter Proportionality factor relating international -- TAIRT 198
(O) to domestic travel levels

RPMB Variable Revenue passenger miles of domestic travel Passenger TAIRT 200
for business purposes. Miles

RPMBPC Variable Per capita domestic RPM for business Miles per TAIRT 196
travellers. Capita

RPMD Variable Total domestic revenue passenger miles. Passenger TAIRT 203
Miles

RPMI Variable Revenue passenger miles of international Passenger TAIRT 202
travel. Miles

RPMIPC Variable Per capita international RPM Miles per TAIRT 198
Capita

RPMP Variable Revenue passenger miles of domestic travel Pa_enger TAIRT 201
for personal purposes. Miles

RPMPPC Variable Per capita domestic RPM for personal Miles per TAIRT 197
travel. Capita

RTM Variable Revenue ton miles of cargo. Ton Miles TAIRT 199

ASMDEMD Variable Total seat-miles demanded for domestic and Seat Miles TAIRT 204
international travel
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AIR TRAVEL MODULE: Air Travel Demand Model
H i i

ITEM CLASS. DESCRIPTION I UNITS SUBROUTINE EQ #!l)llmlliII II I IIII I I IIIII II l IIIII IIIII llllI II I] I I II I I I

TMCGDP Variable Real gross domestic product Dollars per TMAC 196
Capita

TMC POPAFO Variable U.S. population People TMAC 196

TMC_YD Variable Real gross disposable personal income Dollars per TMAC 197
Capita

TPJFTR Variable Price of Jet Fuel. Dollars per TMAC 195
Gallon

i i ii i i iii

YIELD Variable Airline revenue per passenger mile Dollars per
Passenger- TAIRT 195

Mile
,,,, ...... , ,,,,, , , , ,,

AIR TRAVEL MODULE: Aircraft Fleet Efficiency Model

I !ITEM CLASS. DESCRIPTION UNITS SUBROUTINEI EQ #
i iii ill i i i ii i i i iiii i [i iii j ii

AGD Varia_ Demand for aviation gasoline, in gallons Gallons TAIREFF 226
i i , ii i i iiiiiiipllllll ii i ii iI i -

AGDBTU Variable Aviation gasoline demand, in Btu Btu TAIREFF 7.24
iii ml II Ilill i I I .........

AIRHRS Input Data Average number of airborne hours per Hours per TAIREFF 205
(P) aircraft,by type. Year

ASMDEMD Variable Demand for available seat-miles, by aircraft Seat Miles TAIREFF 207
type

ASMP Variable The available seat-miles per plane, by type Seat Miles TAIREFF 205

AVSPD Input Data Average flight speed, by type. Miles per TAIREFF 205
(P) Hour

i i Ri i

BASEAGD Parameter Baseline demand for aviation gasoline Gallons TAIREFF 223

BASECONST Parameter Baseline constant, used to anchor the -- TAIREFF 216
technology penetration curve

COSTFX Parameter Factor reflecting the magnitude of the -- TAIREFF 215
difference between the price of jet fuel and
the trigger price of the considered
technology

DELTA Parameter User-specified rate of passenger shifts -- TAIREFF 206
between aircraft types

,, ,.,.

EFFIMP Input Data Fractional improvement associated with a Percent TAIREFF 218
(P) given technology

FRACIMP Variable Fractional improvement over base year Percent TAIREFF 218
(1990) fuel efficiency, by type

|, ,.,.

GAMMA Parameter Baseline adjustment factor -- TAIREFF 223
(p)

IFX [ Index Index.of technology improvements (1-6) -- TA!REFF -,,,.,
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AIR TRAVEL MODULE: Aircraft Fleet Efficiency Model
I I

rrEM ] CLASS.I DESCRIPTION uNrrs SUBROUTINE EQ#ilii I] ,i i i' i' -- i i iliil ,,llillllUl i ii i i i i i i ...........

/7" Index Index of aircraft type: 1 = narrow body, 2 -- TAIREFF --
= wide body

/V/NT Index Index of aircraft vintage -- TAIREFF --
,, ,, , ,,, ,,, , ,,,

/YEAR Index Current year -- TAIREFF --

JFB'ru Variable Jet fuel demand, in Btu Btu TAIREFF 224

JFGAL Variable Consumption of jet fuel, in gallons Gallons TAIREFF 222

KAPPA Parameter Exogenously-specified decay constant -- TAIREFF 223
' (p)

i , i,,,..=, ,, ,, , i

NEWSMPG Variable Average seat-miles per gallon of new aircraft SMPG TAIREFF 219
purchases

NPCHSE Variable Number of aircraft purchased, by body type. Aircraft TAIREFF 209

NSURV Variable Number of survivingaircraft, by body type. Air:raft TAIREFF 212

OAGR Variable Regional demand for aviation gasoline Btu TAIREFF 225

QJETR Variable Regional demand for jet fuel Btu TAIREFF 225

RHO Parameter Average historic rate of growth of fuel -- TAIREFF 220
(P) efficiency

SEAT Input Data Average number of seats per aircraft, by Seats per TAIREFF 205
(P) type. Aircraft

SMFRACN Variable Fraction of seat-mile demand on narrow- Percent TAIREFF 206
body planes

SMFRACN Variable Fraction of seat miles handled by surviving ---- TAIREFF 221
stock and new purchases, by type.

SMPG Variable Average seat miles per gallon for new Seat Miles TAIREFF 219
purchases and survivingfleet, by type. per Gallon

SMPGT Variable Overall fleet average seat-miles per gallon SMPG TAIREFF 221

SMSURV Variable Surviving travel capacity by body type. Seat Miles TAIREFF 209

SSURVPCT Parameter Marginal survival rate of planes of a given Percent TAIREFF 208
(P) vintage

STKOLD Variable Fraction of planes older than one year, by Percent TAIREFF 213
aircraft type

SURVK Parameter User-specified proportionality constant -- TAIREFF 208
(v)

SURVPCT Input Data Survival rate of planes of a given vintage Percent TAIREFF 208
(P)

1"50 Parameter User-specified vintage at which stock survival Years TAIREFF 208
(P) is50%

TIMECONST Parameter User-specifiedscalingconstant,reflectingthe -- TAIREFF 214
(P) importanceofthepassageoftime

NationalEnergyMocmingSystem
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,, AIR TRAVELMODULE: Aircraft Fleet Efficiency Model

............ i'" DESCRIPTION ..................... IEQrrEM CLASS SUBROUTINE
, • . UNITS #

iiI "1 I ) I II i I ]llll l ii i iiIi1_ I I[11 II [ I I _11 i iiiiiiiii ]1[' L i I i ii I I [I II Ul Ii

TIMEFX Parameter Factor reflecting the length of time an - TAIREFF 214
(P) aircraft technologyimprovement has been

commercially viable
m IIIUI,, i I mql illil ill i i i i ii l i i i

TOTALFX Parameter Overall effect of fuel price and time on -- TAIREFF 216
(P) implementation of technology IFX

i i i . lill i i i i i ii iii ii Jill ii i iiii

TP.IFGAL Variable Price of jet fuel $ per Gallon TAIREFF 215
i i i i i Jill rll Hi ill i i i i [ i i i iiii i illll

TPN Variable Binary variable (0,1) which tests whether -- TAIREFF 214
current fuel price exceeds the considered
techology's trigger price

..,,, ...... ,,i, ,, ,,. , i . , ,...,

TPZ Variable Binary variable which tests whether -- TAIREFF 215
implementationof the consideredtechnology
is dependent on fuel price

i III I II ii I I IIIII ii I I ii II iiii i i III

TRIGPRICE Parameter Price of jet fuel above which the considered $ per Gallon TAIREFF 215
(P) technology is assumed to be commercially

viable
li i iii i i i ii gull m L II I II I I

TYRN Variable Binaryvariable which tests whether current -- TAIREFF 215
year exceeds the considered technology's
year of introduction

XAIR Variable Fractional change in air travel from base Percent TAIREFF 226
year

ii ii ii ii i ii i i i i i1|11lull iii

XAIREFF Variable Fractional change in aircraft fuel efficiency Percent TAIREFF 226
from base year

, ,,, . .1" ',' .... ,,,,,
al ii ill i iiii i

iii iiii [ []_1[ [ [ T i iii i ii ii H i i i i [ IIII 1_ [1_ i [[ [ [ i III iii i iI_llll[ i iiiii iii i ii i1[ i]1 i iii iiiii [ i

. : _. FREIGHT TRANSPORT MODULE
,,, , • , ,,,,,, , , , ,

IITEMI CLASS. [ DESCRIPTION, ]UNITS ! SUBROUTINE[ EQ#
l" III IIII I I i i I ii i Jl ii II ]11111 Ill l I II I III il I_11 ] I i i

FAC Input Data Freight Adjustment Coefficient--relates
(Q) growth in value added in industry I to -- TFREI 162

growthinfreight transportation
i ill iii ii i ii ii mill imlll

FBENCH Parameter Benchmarking factor to ensure congruence -- TFREI 168
(I) with 1990 data

.... i illl iii Hal l i iii _ i i i i

FERAIL Input Data Rail fuel efficiency Miles per TRAIL 182
(B) gallon

--- ,, , , , ,,, , ,,,,,, ,

FESHIP Input Data Domestic freighter fuel efficiency TSHIP 188(B)
iiii i _ _1 i i i i ii

FFD Variable Truck Fuel Demand, by type of fuel and MMBtu TFREI 176
class of vehicle.

, ,,,,, , ,

FFDT Variable Total fuel demand, by technology, in Gallons TFREI 178
MMBtu

., , ,, =, ,, , .

FFMPG Variable Average truck fuel economy for second size MPG TFREI 177
class for use in TMISC

....

FFVMT Variable Total freight truck vehicle-miles traveled in Vehicle- TFREI 165
industry group/X miles

NMional Energy Modeling 8y_em
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FREIGHT TRANSPORT MODULE

- ........I I ! I IITEM CLASS. DESCRIPTION UNITS SUBROUTINE
Al II I I|ul ii m U i' ' i i ' ii l l.uul " uuHlu i ii i

FLVMTSHR Variable Share of fuel technology in total truck Percent TFREI 169
VMT

FMPG Variable Truck Fuel Efficiency, by class of truck. Miles per TFREI 174
Gallon

l

FRLOAD Parameter Load factor associated with a given -- TFREI 163
(Q) industly's output

__ ,u , , ,i J

FSHR Variable Adjusted technology share of VMT Percent TFREI 169
demand

i i iii i iii i i

FTMT Variable Total highway freight traffic, by industry Ton Miles TFREI 162
iiiiiiiiiiii iii

FTOTVMT Variable Total VMT demand for trucks Vehicle TFREI 166
miles

FVMT Variable Freight transport demand by class of truck. Vehicle TFREI 163
Miles

FVMTECHSC Variable Total highway freight VMT, by size class Vehicle TFREI 172
andfuel technology Miles

i i

FVMTSC Variable Total highway freight VMT, by size class Vehicle TFREI 168
Miles

GROSST Variable Value of gross trade (imports + exports) $ TSHIP 191
i i 1 i ii

GROWTH Parameter Factor which specifies changes in truck -- TFREI 169
VMT by each fuel technology over time

,,,,u , , .,, ,

/F Index Index of fueltype -- TRAIL --

I$ Index Index of truck size class (1-3) -- TFREI --
.,.,.,, , , , ,u ,, ,,, , , •

ISFD Variable International f_ighter energy demand, by MMBtu TSHIP 192
fuel

ISFDT Variable Total international shipping energy demand MMBtu TSHIP 191

ISFSHARE Parameter International shipping fuel allocation factor -- TSHIP 192
(8)

i i Ill II I

/X Index Place holder for industry group -- TFREI --

OUTPUT Variable Value of output of each industry in base Dollars TFREI 162
year dollars.

QBTU Input Data Heat content of fuel used by each MMBtu per TFREI 176
(1) technology gallon

RTMT Variable Total rail freight traffic, by industry Ton Miles TRAIL 180

R'I'MYr Variable Total rail ton-miles traveled Ton Miles TRAIL 181

SEDSHR Parameter Regional shares of shipping fuel demand Percent TFREI 179
(K)

SFD Variable Domestic freighter energy demand, by fuel MMBtu TSHIP 189

SFDBENCH Parameter Benchmark factor to ensure congruence -- TSHIP 188
(I) with 1990 data

NationaJEnergyModelingSystem
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" . FREIGHT TRANSPORT MODULE
I

,i CLASS. DESCRIF.ON UN,TSSUBROU'I',EQ#
..... ._1 _ 1[1111],,,,,,E HH [,EIi, [ T [,11 11 , , [ ill 11 ,1 [ [ [ [ ' i[[ i, IP_['l [[[ 1[[ l 1111 1[1 [ [ t [ , , _ ill[[[ [[[1[[ , [l[ l] [[[ I [ [ [[_

SFDT Variable Domestic freighter energy demand MMBLu TSHIP 188
Ell II II I III I II IIII I

SFSHARE Parameter Domestic shipping fuel allocation factor -- TSHIP 189{B)
[ [ III III _ ii iii i I I[I I[I [ II

STMT Variable Total waterborne freif,.'_ttraffic, by industry Ton Miles TSHIP 186

STMTT Variable Total ship ton-miles traveled Ton Miles TSHIP 187
I I I IIII III IIIIII I I -- iiI I I I

SUMFVMT Variable Total freightVMT for the second size class Vehicle TFREI 173
for use in TMISC Miles

TBETA1 Parameter Bate rate of fuel economy growth, by size Percent TFREI 174
class

Illl IIII I -- - illllm I I I III Ill II II I

TBETA2 Parameter Fuel-price sensitive rate of fuel economy Percent TFREI 174

............ glowth,bysizeclass , _ .......

TECH Index Index of engine technology (1-5) -- TFREI -
I i i il ii i i -- ii i i i i ii i

TMCYD Variable Disposable personal income, from the $ TFREI 165
MACRO module

TPMGTR Variable Price of motor gasoline used for highway $ per TFREI 174
transport Gallon

i i I ill ii i lii I -- i I lil i

TOFREIR Variable Total regional truck fuel consumption for MMBtu TFREI 179
eachtechnology

..... ii I HII I Illll I II I ill I

TOFREIRSC Variable Total regional freight energy demand by MMBtu TFREI 179
technology and size class

TOISHIPR Variable Total regional energy demand by MMBtu TSHIP 193
international freighters

i i , i =, ,, -- ,,,, ,, , ,

TORAIL Variable Total demand for each fuel by rail freight MMBtu TRAIL 183
sector in year T

, =.. ,, . , -- ,,. . , ,

TORAILR Variable Total regional rail fuel consumption for
each technology MMBtu TRAIL 184

TORAILT Variable Total energyconsumption by freight trains MMBtu TRAIL 182
in year T

TOSHIPR Variable Total regional ener_ demand by domestic MMBtu TSHIP 190
freighters, by fuel type

I I I I IIIII I Ill II _ ii IEI II I I I

TRSCSHR Input Data Travel share distribution factors, held -- 'r[ KEI 168
(B) constant

TSIC Variable Value of output of industry L in base year $ TFREI 162
(1990) dollars

TSIC90 Input Data Base year value of industrial output $ TFREI 165
(1)

, , ...- ,.!, =,

TYD8290 Input Data Base year disposable personal income $ TFREI 165
(1)

__ ,,, , .., =, ,,,,,., • ,

XFREFF Variable Fuel economy improvement over base year Percent TFREI 175
, , , -- ,,,,, , ,,

XRAIL Variable Growth in rail travel from base year Percent TRAIL 185
....

NatleaalEnergyM_ltling8ymmm
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: i:_::_!i: ..... FREIGHT TRANSPORT MODULE
i i ill

•:i!ITEM ' i CLASS, DESCRIPTION " UNITS SUBROUTINE EQ #

I

i i,,i t I | i i i i "

XRAILEFF Variable Growth in rail efficiency from base year Percent TRAIL 185

XSHIP Variable Growth in ship travel from base year Percent TSHIP 194
i

XSHIPEFF Variable Growth in ship efficiency from base year Percent TSHIP 194
i i i

XTOTVMT Variable Fractional growth in freight VMT over Percent TFREI 167
base year



,, ,, ,, , ,

i ¸ :/ -.

._,i_ MISCELLANEOUS ENERGY DEMAND MODUI_

rrEM [ !CtSS. DESCRIPTION UNITS SUBROUT'E EQ#
' I II IIIII I I I " IIIi I'1_ II i i

BErALUB Parameter Coefficient of proportionality, relating highway -- TMISC 238
(K) travel to lubricantdemand

li II

BETAMS Parameter Coefficient of proportionality, relating mass - TMISC 230
(B) transit to LDV travel

i i

BErAREC Parameter Coefficient of proportionality relating income to -- TMISC 234
(B) fuel demand for boats

i i i i llll

FLTVMT Variable Total fleet vehicle VMT, from the Fleet Module Vehicle TFLTVMTS 237
Miles

i i i

FMPG Variable Fuel efficiency for mass transit vehicles, by Miles per _ 231
vehicle type, from the Freight Module gallon

ii

FMPG89 Data Input "Base-yearfuel efficiency for mass transit Miles per TEXOG 231
(B) vehicles, by vehicle type, from the Freight gallon

Module

FTVMT Variable Total freight truck VM'r, from the Freight Vehicle TMISC 236
Module Miles

II i[i i

FVMTSC Variable Freight truck VMT, by size class TMISC 236
ii

HYWAY Variable Total highway VMT Vehicle TMIS_ 237
Miles

ill i i

/F Index Index of fuel type: 1= Distillate, 2 = Naphtha, -- TMISC --
3= Residual, 4= Kerosene

I1[ I i i

IM Index Index of transportation mode: 1 = LDV's, 2-4 -- TMISC --
= Buses, 5-7 = Rail

/M Index Index of transportation mode: 1 = LDV's, 2-4 TMISC --
= Buses, .5-7 = Rail

l| i

LUBFD Variable Total demand for lubricants in year T MMBtu TMISC 238i i

MFD Variable Total military consumption of each fuel in year MMBtu TMISC 228
T

i
i

MILTARGR Variable The growth in the military budget from the Percent TMISC 227
previous year

i

MILTRSHR Input Data Regional consumption shares, from 1991data, Percent TMISC 229
(L) held constant

i i

QLUBR Variable Regional demand for lubricants in year T MMBtu TMISC 239
I I I I i iii

QMILTR Variable Regional military fuel consumption, by fuel type MMBtu TMISC 229

QMODR Variable Regional consumption of fuel, by mode MMBtu TMISC 233

QRECR Variable Regional fuel consumption by recreational boats MMBtu TMISC 235
in year T

Variable National recreational boat gasoline consumption MMBtu TMISC 234
in year T

ii i i

TMC GFML,87 Variable Total defcnse budget in year 1",from the macro $ TMAC 227
economic segment of NEMS
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:_ :_ .... ': MISCELLANEOUS ENERGY .DEMAND MODULE "

ITEM CLASS. DESCRIPTION UNITS SUBROUTINE EQ#
i iiii ,

TMC POPAFO Variable Regional population forecasts, from the Macro People TMAC 233
Module

ill i

TMC YD Variable Total disposable personal income, from the $ TMAC 234J

Macro Module
i i i i

TMEFF89 Input Data Base-year Btu per vehicle-mile, by mass transit Btu per TMISC 231
(B) mode vehicle mile

|, i i i ii

TMEFFL Variable Btu per pamcnger-mile, by mass transit mode Btu per TMISC 231
passenger

mile
i

TMFD Variable Total mas.s-transitfuel consumption by mode Gallons TMISC 232
ii

TMOD Variable Passenger-miles traveled, by mode Passenger TMISC 230
miles

TMLOAD89 Data Input Average passengers per vehicle, by mode, held Units TMISC 230
(B) constant at 1989values (1 ffiLDV'$) i i

TYPE Index Vehicle type, from the Freight Module: -- TFREI 231
1 -- Mid-size trucks, 2 = Rail

VMTEE Variable LDV vehicle-miles traveled, from the VMT Vehicle TVMT 230
module miles

i

:!:_: : :,-: :i:_::: _:__ , Transportation Emissions Module . ._ ,:::i

:i:!: ::ITEM::.::!i:!:!:i_S. DESCRIPTION UNITS " SUBROUTINE EQ #

EFACY Parameter Emissiom factor relating measures of travel to -- TEMISS 240
(M) pollutant emissions

EMISS Variable Regional emissions of a given pollutant, by mode of Tons per TEMISS 240
travel year

i , iH

IE Index Index of pollutants: 1 = SOx, 2 = NOx, 3 = C, 4 = -- TEMISS 240
CO2,5 = CO, 6= VOC i ill i

13,'1 Index Index of travel mode: references individualvehicle -- TEMISS 240
types used in the preceding modules ii

/R Index Index identifying census region -- TEMISS 240
H

U Variable Measure of travel demand, by mode: units in VMT -- "rEMISS 240
for highway travel, gallons of fuel consumption for
other mcxl_



SOURCES OF DATA INPUTS AND PARAMETERS
USED IN THE NEMS TRANSPORTATION MODEL

CODE SOURCE

A ConventionalLight-Duty Vehicle Fuel Economy, Decision Analysis Corporation of Virginia and Energy and Environmental Analysis,
_c., Prepared For: Energy Information Administration, U.S. Department of Energy, Washington D.C., November, 1992.

B Transportation Energy DataBook: Edition 12, Oak Ridge National Laboratory, Prepared For: Office of Transportation Technologies,

U.S. Department of Energy, Washington, D.C., March 1992.

C Revised VMT Forecasting Model, Unpublished Memorandum, U.S. Department of Energy, February 22, 1993.

D 1990NationalPenonal Transportation Survey, Federal Highway Administration, U.S. Department of Transportation, Washington, D.C.,
March 1992.

E A lternative.Fuel Veh_le Module, Decision Analysis Corporation of Virginia, Prepared For: Energy Information Administration, U.S.
Department of Energy, Washington, D.C., September 1992.

F Demand for Clean.FuelPenonal Vehicles m Cal/fornia: A Discrete-Choice Stated Preference Survey, D. S. Bunch, et. o.L. University
of California, Davis, UCD-ITS-RR-91-14, December 1991.

G Fleet Vehicles m the UmtedStates, Oak Ridge National Laboratories, Prepared For: Office of Transportation Technologies and Office

of Policy, Planning and Analysis, U.S. Department of Energy, Washington, D.C., March 1992.

H Assessment of Costs and Benefits of Flexible and A lternative Fuel Use m the U.S. Transportation Sector: Technical Report Ten:

A nalys_s ofA lternative-FuelFleet Requirements, Office of Domestic and International Energy Policy, U.S. Department of Energy, May
1992.

I Annual Energy Outlook 1993, Energy Information Administration, Office of Integrated Analysis and Forecasting, U.S. Department
of Energy, Washington, D.C., January 1993.

J Proposed Regulations for Low.Em_ssion Vehicles and Clean Fuels, State of California Air Resources Board, August 13, 1990.

K State Energy Data Survey 1991, Energy Information Administration, Office of Energy Markets and End Use, U.S. Department of
Energy, Washington, D.C., May 1993.

L Fuel Od andgerosene Sale;/991, Energy Information Administration, Office of Oil and Gas, U.S. Department of Energy, Washington
D.C., November 1992.

M F.m_sions Regulations. Inventories, and Emission Factor for the NEM5 Transportation Energy and Resecsch Forecasting Model,
Decision Analysis Corporation of Virginia, Prepared For:. Energy Information Administration, U.S. Department of Energy, Washington,
D.C., September 1992.

N Fuel Efficiency Degradation Factor, Decision Analysis Corporation of Virginia, Prepared For: Energy Information Administration"
U.S. Department of Energy, Washington, D.C., August 1992.

0 Proposed Methodology for Projecting Air Transportation Demand, Decision Analysis Corporation of Virginia, Prepared For:. Energy
Information Administration, U.S. Department of Energy, Washington" D.C., July 1992.

P Preliminary Estimation of the NF.M$ Aircraft Fleet Efficiency Module, Decision Analysis Corporation of Virginia, Prepared For.
Energy Information Administration" U.S. Department of Energy, Washington, D.C., September 1992.

Q Freight Transportation Requirem ents A nalys_s for the NF-MS Ttrmsportation SectorModel, Decision Analysis Corporation of Virginia,
Prepared For: Energy Information Administration, U.S. Department of Energy, Washington, D.C., August 1992.
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Table A-2. Light Duty Vehicle Market Classes

.... " . CTASS DEFINITION._ ] EXAMPLE MODEL
l

_ : i_ i AUXOMOmlZ.S_om_ andImport)....

Minicompact Interior passenger volume < 79 ft3 Oeo Metro, Toyota Paseo (no
domestic cars)

Subcompact Passenger volume between 79 ft3 and 89 ft3 Nissan Santra, Honda Civic, GM
Saturn, Ford Escort

Sports Two door high performance cars costing less than VW Corrado, Honda Prelude, Chevy
$25,000 Camaro, Ford Mustang

Compact Passenger volume between 89 and 95 ft3 Honda Accord, Toyota Camry, Ford
Tempo, Pontiac Grdad Am

Intermediate Passenger volume between 96 and 105 ft3 Nissan Maxima, Ford Taurus, Chevy
Lumina

Large Passenger volume > 105 ft_ Ford Crown Victoria, Pontiac
Bonneville (no imports)

Luxury Cars over $25,000 Lincoln Continental, Cadillac, all
Mercedes, Lexus LS400

i

....._ :"_ " LIGHT TRUCKS (Domestk and Import) _

Compact Pickup Trucks with inertia weight between 2750 and 4000 All import trucks, Ford Ranger, GM
Ibs. S-I0/15

Compact Van Vans with inertia weight between 3000 and 4250 Ibs. All import vans, Plymouth, Voyager,
Ford Aerostar

Compact Utility Utility vehicles with inertia weight between 3000 and Nissan Pathfinder, Toyota SR-5,
4250 Ibs. Ford Bronco If, Jeep Cherokee

Standard Pickup Trucks with inertia weight over 4000 Ibs. GM C-10, Ford F-150 (no imports)

Standard Van Vans with inertia weight over 4250 Ibs. GM C15 van, Ford E-150 (no
imports)

Standard Utility Utility vehicles with inertia weight over 4250 ibs. Toyota Land Cruiser, GM
Suburban, Ford Blazer

Mini-truck Utility/trucks below 2750 ibs. inertia weight Suzuki Samurai (no domestics)

NMionalEnergyModelingSysmm
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Table A-3. Maximum Light Duty Vehicle Market Penetration Parameters

. Old Market Share New PMAX _ New PMAX
(Au|omobJktS)L! (Light Trucks) .

: ,,,

-<1% 1% 1%

1.1-2% 2% 2%
, i

2.1-3% 5% 5%

3.1-6% 12% 10%
t

6.1-10% 28% 22%
i,

10.1-12% 32% 26%

12.1-14% 36% 30%
i i

14.1-17% 41% 35%
, ii

17.1-20% 47% 40%

20.1-24% 53% 47%

24.1-27% 56% 50%

27.1-31% 60% 54%

31.1-35% 64% 58%

35.1-40% 68% 62%

40.1-45% 73% 67%

45.1-53% 78% 73%

53.1-62% 83% 79%

62.1-73% 88% 85%

73.1-85% 94% 92%

85.1-100% 100% 100%



Table A-4. Aircraft Fleet Efficiency Model Adjustment Factors
,r

DI [ PCI'INT I DFRT
0.974

1980 0.976 0.32 0.523

1981 0.978 0.30 0.514

1982 0.980 0.28 0.509
1983 0.982 0.27 0.508

1984 0.985 0.28 0.522

::1985 0.988 0.28 0.518

1986 0.99 0.25 0-52o
1987 0.994 0.28 0.540

1988 0.996 0.30 0.545

1989 0.998 0.33 0-551

11990i! 1.000 0.35 0.555
1991 1.003 0.38 0.564

1992 1.004 0.40 0.569

1993 1.005 0.41 0-573
1994 1.007 0.42 0.577

1995 1.008 0.43 0.579

1996 1.007 0.44 0_84

1997 1.007 0.45 0.585
1998 1.006 0.46 0.591

1999 1.006 0.46 0.593

2000: 1.005 0.47 0.598

2001 1.003 0.47 0.601
2002 1.001 0.48 0.604

2003 0.998 0.48 0.604

2O04 0.996 0.48 0.6O4

i: 2005 - 0.994 0,48 0.604
2006 0.992 0.49 0.604

2007 0.989 0.49 0.604

2008 0.987 0.49 0.604
2009 0.985 0.49 0.604

2010 0.983 0.49 0,604

2011 0.980 0.49 0'604

2012 0.978 0.49 0.604

2013 0.975 0.50 0.604
2014 0.972 0.50 0.604

2015:: 0.970 0.50 0.604
, . ..:. ,

2016 0.967 0.50 0.604

2017 0.965 0.50 0.604

2018 0.962 0.50 0.604

2019 0.960 0.50 0.604

. 2020:: 0.957 0.50 0.604• .-_

2021 0.956 0.50 0.604

2022 0.954 0.50 0.6O4

2023 0.952 0.50 0.604
2024 0.951 0.50 0.604

2025 0.949 0.50 0,604 ....:
2026 0.948 0.50 0.604
2027 0.946 0.50 0.604

2028 0.944 0.5O 0.6O4

2029 0.943 0.50 0.604

: : 2030 0.941 0.50 0,604
• ____ , . ,
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Table A-5. List of Expected Aircraft Technology Improvements

Jet FuelPrice t SMPG Gain Over 1990's

•_Proposed Technology Intro. Year ('g7 $/Gal) Narrow Body Wkle Body
i , ,

I III l I ; i t in t n • II

:ENGINES:

: Uitnt-hllgh Bypass : 1995 $0.69 10% 10%
I i I II

• ' 111 I 2000 $1¢_ 23% 0%.... ._ .,.
I 1 I I H

:AERODrSA_IC_'
IIII IJl I I II

i. H_brkl_ k'10w?: .: 2020 $1-_3 15% 15%
. .. . . ,,

::i;:_"Ae_ 2000 $1.70 18% 18%
J ii i l,.

. Weight:Reducing Magerials 2000 -- 15% 15%
- i ,, , ,,

Themod)_unk:s 2010 S1.22 20% 20%

I These figures repraem the mlnimum jet f_e.! prggs (1987 $) at which the mrraq_ndmg technoiogia ate assumedto become ram.effective.
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Introduction

This appendix provides a detailed mathematical description of the transportation model.

Equations are presented in the order in which they are encountered in the code, identified by

subroutine and model component. The equations follow the logic of the FORTRAN source code

very closely to facilitate an understanding of the code and its structure. In several instances, a

variable name will appear on both sides of an equation. This is a FORTRAN programming

device that allows a previous calculation to be updated (for example, multiplied by a factor) and

re-stored under the same variable name.

In the interest of clarity, initialization statements, variable name reassignments, and error-trapping

tests are omitted, except where such descriptions are essential to an understanding of the process.

Representative equations are also employed in those instances where the model specifies

numerous, but essentially identical, calculations (most notably in the emissions component).
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UGHT DUTY VEHICLE MODULE

FUEL ECONOMY MODEL Subroutine FEMCALC

1) Calculate the fuel costslope, usedto linearly extrapolateexpectedfuel costover the

desired payback period:

where:

/'SLOPE = The fuel costslope

FUELCOST = The cost of fuel in the specified prior years

2) Calculate the expected fuel price in year i (where i goes from 1 to PAY'BACK):

• ,_,

where

PR.ICESEXi = The expected price of fuel

3) Calculate tb, =vnected present value of fuel savings over the payback period:

_. '__i_;iiil;i_ii:i__ ( 1,_*I_DE I i ii

where:

itc = The index representing the technology under consideration

FE = The fuel economy of technology itc

DEL$FE = The fractional change in fuel economy associated with technology .c

PAYBACK = The user-specified payback period

DISCOUNT = The user-specified discount rate

EnergyInformationAdminisl:l#on
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4) Calculate the cost of technology itc:

TECHCOSTk,,.,DEL$COSTAB_ - (DEI.$COSTWGT.._
• _ _ _ 'i _......_, ' ' (B-4)

" . • DELSWGTWOTk • WEIGHT.,u_,v,)
: •

where:

DEL$COSTABS = The fixed dollar cost of technology itc

DEL$COSTWOT = The weight-based change in cost ($/lb)

DEL$WGTWGT = The fractional change in weight associated with technology _tc

WEIGHT = The original vehicle weight

5) Calculate the perceived value of performance associated with technology itc:

where:

VAL$PERF = The dollar value of performance of technology itc

VALUEPERF = The value associated with an incremental change in performance

DEL$HP = The fractional change in horsepower of technology itc

PRICE$EX = The expected price of fuel

FUELCOST = The actual price of fuel (in the previous year)

6) Calculate the cost effectiveness of technology itc:

where:

COSTEFFECT = A unit.less measure of cost effectiveness

REGCOST = A factor representing regulatory pressure to increase fuel economy

TECHCOST = The cost of the considerexl technology

VAL$PERF = The performance value associated with technology itc

EnergyInformationAdministration
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7) Calculate the preliminary economic market share of technology itc:
i . ! " _: i _: i : : '

: : :ACTUAI.iMKTeo;MMAx k ,PMAX, *(1 +e _z'c°°'mer_r')'_ (B,7)

where:

ACTUAL$MKT = The economic share, prior to consideration of engineering or regulatory constraints. The

subsequent adjustedvalue is stored in the variable MKT$PEN.

MMAX = The maximum market share for technology itc, obtained from MKTSMAX

PMAX = The institutional maximum market share, which models tooling constraints on the part of

the manufacturers, and is set in the subroutine FI._CMAX.

8) Ensure that existing technologies ms2ntain market share in the absence of competing

technologies:

where:

MKT$PEN_,w. _= The previous year's market share of technology it¢

9) Apply mandatory constraints:
:i i:i'i.::!:i:!:!:!:i:i:::il ii!!ii!!:!!ii!iii!::iii!iiii:!i::!ili!!iiii:i:iiiiiiii!i!ii!iiii!i!i!!:ii!iii'ii:!ii:_!!i_i:i!iii!!!ii!!ii!iili!i :::::::::::::::::::::

•.!:!:!.:::::!::.-
::::_.._• .:::: ._:::::::::::.:. _ ..:: ..::.:: :_ : :::::::::::::::::::::::!:::::i :,i:!i:!!i:i'.:ii:: :::::::::::::::::::::::::::::::::::::::::::::::

where:

MANDMKSH = The minimum market share of technology itc required by legislative mandate.

10) Apply required engineering constraints (following a call to the subsequent subroutine

NOTE$SUPER):

a) Sum the market shares of the required technologies (req):

i! ........!ii!!..... .....................................=,?i',if::::i:,iiii}ii)}i!! i',??i!i!i:_':; !'.i!:,?i:::ii!_;i:,_:!ii!)ii!i!!i':!',!!ii!::!:,i',',)',))!ii:i!}iil)))ii!i!!i)i!i!iii?ii!:i!:!?..:_i!_!_)i!_,_::_!:_!_!i:_:i:::_:ii;:_i:_:):_ii_!i!_!_!:i_:!i!!!!!!_:_i_i_;::_::_!i_:)i!!',:,i!'_ii)',)i'_i!}i)i i:,_.i:iiiii!!!',i'::i!:.;iiii:_',:!!iii_i!i!ii!i:ii:_i!il
where:

REQ$MKT --- The total market share of _hose technologies which are required for the implementation

of technology ire, indicating that technology's maximum share

EnergyInformationAdminisbltiOn
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b) Compare R.EQ$b_T to the market share of technology referred to by the

engineering note, ACTUAL$MKTi_, selecting the smaller share:

ACTUALSM MIN (ACTUA $M T) _ (B,.11)

I l) Assign the preliminary market share value to the permanent variable:

where:

]V_T$PEN = The market penelyation of technology itc by vehicle group igp and vechilce class icl

12) Apply synergistic engineering constraints to those technologies whose combination provide

non-additive benifits to fuel economy:

where:

iwl = First synergistic technology

itc2 = Second synergistic technology

SYNRSDEL = The synergistic effect of the two technologies on fuel economy

13) Calculate the change in market share for a given technology:

where:

DELTA$_fl(Ti_ = The change in market share for technology ire

14) Calculate current fuel economy for the considered vehicle class:

where:

DEL$FEitc = The fractional change in fuel economy attributed to technology itc

EnergyInformationAdministration
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15) Calculate average vehicle weight for the considered class:
f

::WE|GHTvE . ::WEIGHT, eA.._ + _- E : GTABS_©
: , _:: :i _'q (B-16):

..... i• *(WBGHT_,,_a .:DEL,$WGTWGT_ :•' ....
:: i i : . i •

where:

DEL$WGTABS = The change in weight (Ibs) asr_ciated with technology itc

DEL$WGTWGT = The fractional change in vehicle weight due to technology itc

WEIGHTL,.s,,w._ = The base year vehicle weight, absent the considcred technology

16) Calculate the average vehicle price for the considered class:

where:

DEL$COSTABS = The cost of technology itc

DEL$COSTWGT = The weight-based change in cost of teclmology itc ($4b)

17) Calculate horsepower, assuming a constant weight to horsepower ratio:

where:

HPe,,,seye_= The base year average horseposer for the considered vehicle class

18) Calculate the horsepower adjustment factor:

_iii!ii__i,iiiiili_i:_i!i!i_.i_iiii!:::_i',!_;'::_i:.i!_i'.ii_ii!':_/,:_,iiiiiii_:i_!i!!iiiiifilliliiliiii_,iiii',iiii:,iii_':.iiiiililiiiiiiiiiiiiiiiiiiiiiiiii',ii!iiiiiiiiliiliiiii!iiiiiiiii:iii_iiiiiiiiiiiii_::.':iii_:_!iiiiiiiiiiiiii!iiiiiiiiiiii!ii:_!ii.,iii',iiii!:.'i',i:,ii',ii',':_,',._:,';,iii_,i::'_iiii:,iiii::iii::i!i::/,i:i::ii_!iii_ii:iiii:,iiiiii:i_i!;_:: i!iii:,ili:_!!::iii;iif!!iiiill
i ii_:iiii_,i_i!:!ii_:_:i:iiiii:i!i!i!ii!!ii_iiiiiii_!i:.ii!!;i_!i!i!iii_::_!:ili!!!ii!ii!_!_i!iiiiiii!iiii:[(::!i!_:iiiii:.iii:_!i!ililili:.!_ii!ii!i_.!:iii!i_,iii!iii!i::i*:::*_i_i::ii__::i_:iiii::!i!i!iiiii:,;!_:,::!iiii:i_iii!i!i!ii!i_::_::_i:iiiii_:i_:!iiiiiii_:!!_i:iili'_f • _ _ z _.,_;:i:_:.:,_:_:_!ii_:,i_::!i_
:_;_::_!_ii_i_i__i_:_;_i_:_i_i_ii_;_i_i_i_i_i__!_-_!:_i_:_:_;::IINCOM_;___ :em.c_il :_i_!_i!es_ .:_:_:.__:_i::_i:.__!i._i_::!il_
iiii!i!_.ii!iiliil;iiiiiiii!ii;:.i!:,ii!iii:iii;iiii!ii::iiii:_!!_!i::_iiii_:_i!ii_i_iii!ii!i_i!;iii![i[!NcoM_i_ii!:i_!!_[!_R!¢_i_J!_!_i!_.i_)i!_i ii;iil;i;iiiiiii_.iiiiiiiii;iii

_:!iiiii'_:ilil!!ii!iiiiiiili!iiliiiliiiii!iiiiiiilililiiiiiilii:ii !ili!i!i iii!!:ili::/!!iliii!i!!ii!:/i_:i!_,:i!i:.ii::iiilii _il_:__ili!iiiiii!iiiiiiiiiiii!iii!!!ii!ii!iii:':!i!il!:*_iiiiii_!ii_iiiiiil!ii!iI_,i:!ii:_!ii_!ii!iiiii!iliiiiiliiiiiii!_,i!iii!:_i:
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where:

ADJHP = The fractional change in horspower from the previous year within a given vehicle class
INCOME = Household income

PRICE = Vehicle price

FE = Vehicle fuel economy

FUELCOST = Fuel price

19) Calculate current year horsepower, summing incremental changes from the initial year:

20) Calculate fractional change in fuel economy due to horsepower change:

where:

ADJFE = The fuel economy adjustment factor

21) Calculate the adjusted fuel economy:

22) Calculate the vehicle price, adjusted for the change in performance:

FUEL ECONOMY MODEL Subroutine NOTE$SUPER

This subroutine is called from subroutine FEMCALC in order to check whether new technologies

have superseded older ones. Affected technologies are grouped in a hierarchy, and market shares

are adjusted so that the sum does not exceed the maximum market penetration of the group.
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1) Calculate aggregate market share of superseding technologies:

. :,i: _: . TO_MKT=_,I_I :ACTUA_MKT_iI: : i (B'241 _

where:

TOT$MKT = The total market share of the considered group of technologies

ino = The index identifying the technologies in the superseding group

num Ssup = The number of technologies in the superseding group

2) Establish the maximum market share for the group:

MKT$MAX = The maximum market share for the considered technology, exogenously set

MAX$SHARE = The maximum market share of the group, ino

3) If the aggregate market share O'OTSMKT)is greater than the maximum share (MAXSSHARE),

reduce the market shares of those technologies which are lower in the hierarchy:

a) Calculate the reduction in market share of a superseded technology, ensuring that

the decrement does not exceed that technology's total share:

where:

DELSMKT = The amount of the superseded technology's market share to be removed

isno = An index indicating the superseded technology

b) Adjust total market share to reflect this decrement

c) Adjust the market share of the superseded technology to reflect the decrement

These values are returned to the preceding subroutine.

EnecgyInk:,rmationAdministration
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FUEL ECONOMY MODEL Subroutine CMKSCALC

1) Calculate incremental change in class market share ratio:

a) For all vehicles except luxury cars:

_i::::i:INe0ME_:; _$13:000::ijI : ::! : i: :: : :

where:

DIFF$LN = Thei.r_crementfromthe baseyear(1990)of thelogof themarketshareratio

b) For luxury cars:

R + _in FUELCOST_:_: :;:C _i_IINGOM_EA_/ (B_)

2) Solve for the log-share ratio:

: CLASS$SHARE_W i:: _ _; :::: :i(_1):"i:::::

::::: :!i: i; :: :: :RATI0$LN;DIFF$1';N:: I ::, CL;ASS$SHAR_Ii_ :i_!: ::r_: ::: : :: :"

where:

RATIO$LN = Log of the market share ratio of the considered vehicle class

3) Solve for the class market share:

where:

CMKS = Class market share, subsequently reassigned to the appropriate vehicle class and group,

CLASS$SHAREia,_
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4) Normalize so that shares total 100% within each CAFE group:

i_ i i ,._p.vEA. ' '" _ '•: i . _ _ _(B_3)

FUEL ECONOMY MODEL Subroutine CAFECALC

1) Calculate the Corporate Average Fuel Economy for each of the four CAFE groups:

wh_r¢;

icl = FEM vehicle size class index (7)

igp = CAFE group index: 1 = domestic car, 2 = import car, 3 = domestic light truck, 4 =

import light truck

REGIONAL SALES MODEL Subroutine FEMSIZE

This subroutine maps vehicle sales and fuel economy generated for the seven size classes

considered in the Fuel Economy Model (FEM) into the six vehicle size classes used in

subsequent sectors.

1) Map vehicle sales from seven size classes to six:

where:

MAPSALE = Disaggregate vehicle sales

NVS7SC = New vehicle sales within the seven FEM size classes, calculated in subroutine TSIZE

MAP = Array of mapping constants, which converts FEM to ORNL size classes

osc = ORNL size classindex(6)

N = Time period index (1990 = 1)

EnergyInformationAdminislration
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2) Sum across sales within each size class:

where:

TOTHVS7 = Total new vehicle sales within the six ORNL size classes

3) Create a mapping share:

where:

MAPSHR = Sales shares within the disaggregate array

4) Multiply MPG by mapped sales share:

i:i?:ii: i: !:

where:

FEMPG = Average fuel economy by six ORNL size classes

FE = Average fuel economy by seven FEM size classes

YEAR = Year index (YEAR = N+I)

5) Create benchmark factors for each CAFE group igp, held constant after 1992:

where:

BENC_ = MPG benchmark factors to ensure congruence with most recent data from ORNL

ORNLMP(3 = Most recent (1992) fuel economy data from ORNL

EnergyInformationAdministralion
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ii I

6) Apply the benchmark factor to each size class, combining domestic and imported vehicles:

FESlXT_:,; = _ FEMPG_o...,
km4

• ,. ,.. ., • ...:

where:

FESIXC = Fuel economy for cars within six size classes

FESIXT = Fuel economy for light trucks within six size classes

REGIONAL SALES MODEL Subroutine TSIZE

1) Estimate non-fleet, non-commercial sales of cars and light-trucks within each of the seven

size classes considered by FEM (subsequently passed to subroutine FEMSlZE):

a) For cars, igp = 1,2:

where:

NVS7SC = New vehicle sales in the original seven FEM size classes, by CAFE group igp

TMC_SQTRCARS = Total new car sales (supplied by the MACRO module)

CLASS$SHARE = The market share for each automobile class, from FEM

FLTCRAT = Fraction of new cars purchased by fleets

, SALESHR = Fraction of vehicle sales which are domestic/imported

b) For light trucks, igp = 3,4:

where:

TMC_SQDTRUCKS = Totalnew lighttrucksales(fromtheMACRO module)

FLTTRAT = Fractionofnew lighttruckspurchasedby fleets

COMTSHR = Fractionofnew lighttrucksdedicatedtocommercialfreight

Energy informationAdministration
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2) Redistribute car and truck sales among six size classes combining import and domestic

a) For cars

igp=t I_t .1 .... .....

where:

NCSTSCC = Total new car sales by size class osc

MAP = Array of constants which map sales from seven to six size classes

b) For light trucks:

where

NLTSTSCC = Total new light tmc]¢sales by size class ose

3) Calculate the market shares of cars and light trucks by size class:

and:

where

PASSHRR = Non fleet market shares of automobiles by size class osc

lqLTSHRR = Non fleet market shares of light trucks by size class osc
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4) R.eassign horsepower estimates to six size classes:

o._: =i. HP_L_p,Y,: _*_ i(8'47)

and:
.. . ...:,, , : ._.. ir : ::, r

where:

HPCAR = Average horsepower of automobiles, by size class osc

HPTRUCK = Average horsepower of light trucks, by size class o$c

HP = Vehicle horsepower by FEM size class icl and CAFE group igp

SALESHR = Domestic vs. import market share for automobiles and light trucks, from ORNL

5) Calculate average horsepower of cars and light trucks, by size class osc:

and:

where:

AHPCAR = Average automobile horsepower

AHPTRUCK = Average light truck horsepower

EnergyInformaUonAdministration
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REGIONAL SALES MODEL Subroutine TREG

1) Calculate regional shares of fuel demand, and normalize:

where:

SEDSHR = Regional share of the consumption of a given fuel in period T

TMC_YD = Estimated disposable personal income by region, REG (9)
FUEL = Index of fuel type (11)

3) Calculate regional income:

where:

INCOMER = Regional per capita disposable income

TMC POPAFO = Total population in region REG
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4) Estimate regional driving demand:

and:

where:

VMTI 6R = Vehicle-miles traveled per population over 16 years of age

PRFEM = Ratio of female to male driving rates

p = Lag factor for the difference equation

VMTEER = Total VMT in region REG

TMC_I_P16 = Total regional population over the age of 16

DAF = A demographic adjustment factor, to reflect different age groups' driving patterns

5) Calculate regional VMT shares (RSHR):

6) Divide non-fleet car and light truck sales according to regional VMT shares:

and:

where:

NCS = New car sales, by size class SC and region REG

NLTS = New light truck sales, by size class and region

ALTERNATIVE FUEL VEHICLE MODEL Subroutine TALT3
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1) Calculate commercial availability by technology:

where:

COMAV = The fraction of market demand of a given technology which is commercially available

/7' = Index of the sixteen engine technologies considered by the model

TT50 = The exogenously specified year in which 50% of the demand for technology/T can be

met

2) Calculate the weighted average fuel price for each technology, by region:

where:

AFCOST = Weighted average fuel price, in 1990 centa/MMBTU, for each technology/T

RFP = Price of each fuel used by the corresponding technology

FAVAIL = Relative availability of the corresponding fuel

3) M_p fuel economy for cars and light trucks from six to three size classes for use in the

AFV model:

a) For cars:

::::_:: ::_:i_: i::_i_iiiii;iii!!:.ii:_:;!::_::_iii::i::_:ii:iii::iFEC_,_ ii!ii:;i::l:::_' _!:_:!!:_:_::_:::........_-._:,. i:!i!!:lii_ii_!:_:.iiili : :!iiill:.:::._:_ _:.!i!iiiii_:i:_::i_;iii:i!:_:

where:

FEC3SC = Automobile fuel economy within the three reduced size classes

NCSTSCC = New car sales within the six size classes OSC

FESIXC = New car fuel economy within the six size classes OSC

ISC = Index of reduc_ size classes, mapped as follows for cars: ISC = 1, OSC - 2, 3; ISC =

2, OSC = l, 6; ISC = 3, 05C = 4, 5

b) For light trucks:
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' !_iiii• _ : _ :,!:_i!___i!il_ili!'_i:!_'ii_i!_.__...._ : i,_,,•_i

' FET3SC,_ ' : (B42)6 "

,, ..:...

wbece:

FET3SC = Light truck fuel economy within the three reduced size classes

NLTSTSCC = New light truck sales within the six size classes OSC

FESIXT = New light truck fuel economy within the six size classes OSC

I$C = Index of reduced size classes, mapped as follows for trucks: I$C = l, OSC = l, 3; ISC

= 2, OSC = 2, 5; ISC = 3, OSC = 4, 6

4) Convert fuel economy from miles per gallon to miles per I_vIBTU:

where:

VEFFACT = Gasoline vehicle fuel economy, used as a baseline

5) Calculate alternativevehicle fuel economy, using gasoline baseline:

where:

VEFFBTU = Fuel economy by technology YT, in miles per MMBTU

VEFF = Fuel economy of technology IT, relative to gasoline baseline

6) Calculate AFV operating cost, by region:

• " " ....... .... " ..... ' ...... " ':::': :" :' ::'::':'::"=:' _'°_" ::':" ' :_:::::: ::::::i:i,!:i:i:::ii:iii!iiiiii:i:!:i!!ii::.!:: :!:!!i!_i::::::::::::::::::::::::::::::::::::::::::,: ,:.

where:

COPCOST = Regional vehicle operating cost, in 1990_dmile

7) Calculate utility of electric and electric hybridvehicles (IT = 7-10):
where:

Energy Information AdministraUon
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VC3 = Utility vector for electric vehicles

BETACONST = Constant associated with each considered technology/7"

COPCOST3 = Fuel operating costs for electric vehicles

VPRICE3 = Price of each considered EV technology in 19905

VRANGE3 = Vehicle range of the considered EV technology

EMISS3 = EV emissions levels relative to gasoline ICE's

FAVAIL33 = Fuel availability for EV technologies

BETAVP = Coefficient associated with vehicle price

VETAFC = Coefficient associated with fuel cost

BETAVR = Coefficient associated with vehicle range

BETAEM = Coefficient associated with vehicle emissions

BETAFA = Coefficient associated with fuel availability

BETAVR2 = Coefficient associated with the square ofvehicle range

BETAEM2 = Coefficient associated with the square of vehicle emissions

BETAFA2 = Coefficient associated with the square of fuel availability

8) Exponentiate utility vector, and adjust by commercial availability factor:

where:

EVC3 = Exponentmted value of electric vehicle utility vector

9) Calculate electric vehicle market shares, by region:

where:

APSI-IR33 = Relative market shares within the electric vehicle group
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ALTERNATIVE FUEL VEHICLE MODEL Subroutine TALT2

1) Calculate weighted average characteristics of electric vehicles, and reconfigure technology

indices to reflect the compression of four EV technologies into one prototype:

where:

_P= VPRICE3,VEMISS3,VRANGE3, COMAV, COPCOST, FAVAIL33, andBETACONST

2) Calculate utility for alternative fuel vehicles (IT = 3-13):

where:

VC2 = Utilityvectorforalternativevehicles

BETACONST2 = ConstantassociatedwitheachconsideredAFV technology

COPCOST2 = Fueloperatingcostsforalternativevehicles

VPRICE2 = PriceofeachconsideredAFV technologyin19905

VRANGE2 = VehiclerangeoftheconsideredAFV technology

EMISS2 = AFV emissionslevelsrelativetogasolineICE's

FAVAIL22 = Alternativefuelavailability

3) Exponentiate utility vector, and adjust by commercial availability factor:

where:

EVC2 = Exponentiated value of alternative vehicle utility vector

4) Calculate alternative vehicle market shares, by region:

where:
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APSHR22 = Relative market shares within the alternative vehicle group

ALTERNATIVE FUEL VEHICLE MODEL Subroutine TALT1

1) Calculate weighted average characteristics of alternative vehicles, and reconfigure

technology indices to reflect the compression of eleven alternative technologies into one

prototype:

where:

W = VPRICE2, VEMISS2, VRANGE2, COMA.V, COPCOST2, FAVAIL22, and
BETACONST2

2) Calculate utility for all vehicles (IT = 1-3):

i:_I _ i! _ _TA_Iiv_NGI_II_,_ __ _E_V__N_I_!_ _IB_TA_i_ i!EM,SSlliiI(_ 74)_

where:

VC 1 --"Utility vector for conventional and alternative vehicles

BETACONSTi = Constant associated with each considered technology

COPCOSTI = Fuel operating costs for conventional and alternative vehicles

VPRICEI = Price of each considered technology in 19905

VRANGEI = Vehicle range of the considered technology

EMISSI = Emissions levels relative to gasoline ICE's

FAVAILI 1 = Fuel availability

3) Exponentiate utility vector, and adjust by commercial availability factor:

where:

EVC 1 = Exponentiated value of vehicle utility vector
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4) Calculate vehicle market shares, by region:

APSHR11.,KjT. 18-7s1
!EVCl.i

where:

APSHRI 1 = Relative market shares of conventional and alternative vehicles

5) Expand market share estimates to generate absolute market shares for each of the sixteen

conventional and alternative technologies:

a) For conventional vehicles (rr = 16,1s,rr_ = 1,2):

!ii i i ii i ! !APSHRi4uI,_R,tT N = APSHR11t_tRIilIN .r!APSHR221..|R_il_ # (e: m

where:

APSHR44 = Absolute market share of technology/T

b) For non-electric alternative vehicles (IT = b6,] 1-14,/TI - 3,/T2 = 5,6,3,4,8-13):

c) For electric and electric hybrid vehicles (/7' = 7-10;rrl = 3;rr2 = 7; .17"3= ]-4):
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UGHT DUTY VEHICLE FLEET MODULE

LIGHT DUTY VEHICLE FLEET MODULE Subroutine TFLTSTKS

1) Calculate fleet acquisitions of cars and light trucks:

where:

FLTSAL = Sales to fleets by vehicle and fleet type
FLTCRAT = Fraction of total car sales attributed to fleets

FLTTRAT = Fraction of total truck sales attributedto fleets

SQTRCARS = Total automobile sales in a given year

SQTRUCKSL = Total light truck sales in a given year

FLTCSHR = Fraction of fleet cars purchased by a given fleet type

FLTTSHR = Fraction of fleet trucks purchased by a given fleet type

VT = Index of vehicle type: 1 = cars, 2 = light trucks

/TY = Index of fleet type: 1 = business, 2 = government, 3 = utility

2) Determine total alternative fuel fleet vehicle sales, using either the market-driven or

legislatively mandated values :
: i: :.::::::: i_./,i . ....iii!ii_i:!_ii:::::. ::: :::: : ::::::::::::::::::::::::::::'. :_::::i_:! ::: / : ....

: i
where:

FLTALT - Number of AFV's purchased by each fleet type in a given year

FLTAPSHRI = Fraction of each fleets' purchases which are AFV's, from historical data

EPACT = LegisLative mandates for AFV purchases, by fleet type

3) Calculate the difference between total sales and AFV sales (representing conventional
sales):

where:

FLTCONV = Fleet purchases of conventional vehicles
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4) Distribute fleet purchases among three size classes:

FLTSLSCAvT ,=_ = ,FLTSSHRv,_"_ ,frY, , ,ITYJ8!

_ (B_)

_FLTSLSCCvT.,W,,.,.= FLTCONVw_w.'I* FLTSSHRvT,n_,m

where:

FLTSLSCA - Fleet purchases of AFV's, by size class

FLTSLSCC = Fleet purchases of conventional vehicles, by size class

FLTSSHR = Percentage of fleet vehicles in each size class, from historical data

IS = Index of size classes: 1 = small, 2 -- medium, 3 = large

5) Disaggregate AFV sales by engine technology:

I FLTECHSALv.,,_.,,.,,.ca..= FLTSLSC_r_. ,.,T.* APSHRFLTBv.,Tec.,. _..
• - :."; :.,.. :.. , , : ,,...::: .. . . •

• = u i * i

.... f

where:

FLTECHSAL = Fleet sales by size, technology, and fleet type

APSHRFLTB - Alternative technology shares for the business fleet

. . FLTECHSHR = Alternative technology sharesfor the government and utility fleets

ITECH = Index of engine technologies: 1-5 = alternative fuels (neat), 6 = gasoline

6) Sum sales across size classes:

where:

FLTECH = Vehicle purchases by fleet type and technology
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7) Calculate survival of older vehicles, and modify vintage array:
....

TYrrec_ . FLTSTKVNvTvaTec_,.-,. *SURVFLTTW.'v,._IFLTSTKVNv
• .i .... TI IV -4• . i o .• . : .

..... .... :..... ::*d.- .... (B46)
• : : :: , .

.... " F_TSTKVI_T,_,*.c..,._ i;:= FLTECHvT,,_,rmc_i: I ,,t

where:

FLTSTKVN = Fleet stock by fleet type, technology, and vintage

SURVFLTT = Survival rate of a given vintage

8) Assign fleet vehicles of retirement vintage to another variable, prior to removal from the
fleet:

• ........... ' ........................' i:I::_:i FS = FLTS_Nv;a.,Ti_..IV'mr,, .... : .... 7)

where:

OLDFSTK = Old fleet stocksof given types andvintages,transferredto the private sector

R V/TqT= Retirementvintage of fleet vehicles: If VT = l,/TF = 1,2,3, R VIN7" = 5,6,7; If VT

= 2, £/'F = 1,2,3, R F/NT = 6,7,6

9) Calculate total surviving vehicles, by vehicle, fleet type, and engine technology:

::i: _ :_:::i' _!_:_i:_ i_ :: i!i'__
i :I:TFLTECHST_trryaTec.ll=__:i::!FrTS__T,_rec._.. i_:I :_ _1B'88)

where:

TH.,TECHSTK = Total stock within each technology and fleet type

1O) Calculate grand total of surviving vehicles:

where:

TOTFLTSTK = Total of all surviving fleet vehicles
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11) Calculate percentage of fleet stock represented by each of the vehicle, fleet types, and

engine technologies:

.... i _ i._!_iii TFLTECHST_T,I_,Tec.:r
_ _._ VFSTKPFvT,,.._c..T .. .... _iiTo.I_FLYsT_ :, ilmgO): i. , :

where:

VFSTKPF = Share of fleet stock by vehicle type and technology

LIGHT DUTY VEHICLE FLEET MODULE Subroutine TLEGIS

This subroutine adjusts vehicle sales and market shares to reflect California's legislative mandates

on sales of zero-emission vehicles (ZEV's) and ultra-low emission vehicles (ULEV's), which have

also been tentatively adopted by New York and Massachusetts.

1) Calculate regional vehicle sales, by technology, within three size classes:
_i: il_ i!i ii_ii! _ _.. _- i !:ii .... _.._i_ _i ' • " .... _ii _ i "

_.. _.i _:VSALESisjr_T,,ffi_ APSHR4_s0ju¢,.:_.(NCS._ios_i_.NLTSigos¢,. ) _(B411
_i i: !- _, _osc!i_ _ _ .' _ _ ...._ _ _i _ _ _

where:

VSALES= Totaldisaggregatevehiclesales
APSHR44= Absolutemarketshareof newvehicles,by region,size,andtechnology

IS = Indexofreducedsizeclass(1-3)
OSC= Indexoforiginalsize class(1-6)
NCS= Regionalnew car saleswithincorrespondingsizeclassesOSC:

IS = 1,OSC = 2,3; IS = 2, OSC= 1,6; I$ = 3, OSC= 4,5

NLTS= Regionalnewlight trucksaleswithincorrespondingsizeclassesOSC
IS = 1, OSC= 1,2; IS = 2, OSC= 3,4, IS = 3,OSC = 5,6

2) Calculate total regional sales of electric and electric hybrid vehicles:

....................................._.........................._._.._.........................................._.........................!iii_:_:_::_:_:_:_:_.__.,I_ .......................... " -

where:

ELECVSAL = Regional electric vehicle sales

3) Calculate total vehicle sales across all technologies:
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. _ i__:i/_ii _/ _i_i_ _ i :ii:_:ii_. i¸.¸1,.¸¸/i _i_i_i_¸ .L ¸¸ _._i!_!!_̧

• , •

where:

VSALEST - Total regional vehicle sales, by size class

4) Calculate mandated sales of ZEV's and ULEV's by participating state:

: '.

(B-94)

ULEVS_,_ _.=(TMC_$QTRCARS_;,,,STATESH_,v.r,....:._"_ :: .

_ +TMC_::SQDTRUCKSL.*STATESHRsTw.Q,,) * ULEV.
...... ,. .:_.... i • i..... "i_: ..... ' :_i:..... '."i:i:i_::,.!i!_.i!ii._i:: _... .... -.'

where:

ZEVST = State-mandated minimum sales of ZEV's

ULEVST = State-mandated minimum sales of ULEV's

TMC_SQTRCARS = Total car sales, from the MACRO module

TMC_SQDTRUCKSL = Total light truck sales, from the MACRO module

STATESHR = Share of national vehicle sales attributed to a given state

ZEV = State-mandated minimum sales share of ZEV's

ULEV = State-mandated minimum sales share of ULEV's

ST = Index of participating state: CA, MA, NY

VT = Index of vehicle type: 1 = cars, 2 = light trucks

5) If mandated sales exceed actual sales, then adjust actual sales as follows:

a) Evenly distribute mandated sales among three size classes:

where:

ZEVSTSC = Mandated ZEV sales by size class and state

b) Evenly distribute actual electric vehicle sales among three size classes:
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where:

ELECVSALSC = Regional ZEV sales within corresponding regions

IR = Corresponding regions: ST = CA, MA, NY,/R = 9,1,2

c) Calculate mandated ZEV sales by EV technology (IT = 7-10):

where:

AVSALES = Regional adjusted vehicle sales by size class

APSHR33 = Relative market shares of electric vekicle technologies

d) Reduce sales of gasoline vehicles (IT = 16) to compensate for increased ZEV sales

in the affected regions (IR = 1,2,9):

6) Reassign vehicle sales in unaffected regions (IR, 1,2,9):

i

7) Sum adjusted vehicle sales across technologies:

where:

AVSALEST = Total regional adjusted vehicle sales by size class

8) Calculate new absolute market shares for each vehicle technology:
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• .... ' • _ • "• ._i...... • i_:i ...... ' " i_i_:_'_i_i.i!_ _¸¸ ;_
.... .... • _, _i_ ...... ,_.!IIi:!AVSALES;;iRIrro" • . _i : "_i(B'101

!APSHR5_,:I :,T,N _tg'S_0t _ S _........::": i:r.. i " =_ i:_ ! i:" .........._: _ )
.:: :: ....: IIJII,N " .....

where:

APSHRS5 = Absolute regional market shares of adjusted vehicle sales

9) Reset conventional vehicle market shares so that diesel represents 2.5%of conventional
vehicle sales:

10) Calculatenew fleet market shares for use with business fleets:

a) Calculate total vehicle sales by technology:

where:

VSALESC16 = Total new car sales by technology:

IS = 1, OSC = 2,3; IS = 2, OSC = 1,6; IS = 3, OSC = 4,5

VSALEST16 = Total new light truck sales by technology

IS = 1, OSC = 1,3; IS = 2, OSC = 2,5; IS = 3, OSC = 4,6
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b) Calculate market shares by technology:
.... i iiii_i:i_ : ' ':_i_::I:!_!_!+... ,ii "

+.......... APSHRNC
, : It,. - %:'.,

VSALESCI_i. i• . _ .... p
: :t't"4

• I :I+: :::: (""-'111"104; ....and i:__ i

; _iiiI i:.;._ !VSALE'TI,_. !::i

APS R .:_"A LEs,I_- I :..... +iI:_! i _ !i '

where:

APSHRNC = Market shares of new cars by technology

, APSH_ = Market shares of new light trucks by technology

c) Sum marketsharesfor affectedfleet technologies:

APSHRFLTOTvi.I.=I_: APSHRNC.tF,I:I ii + :_ _ii :_ii_i!_-iiT' . ........+++_+++++i.+++++++_+_+i+F++++_+++++s+?+:+++i+i+++)+i++++++i+++++i+ii+++j,++:+,++_++++++++.ii+++i+ • s+:.+..:+++ +_?+++i_?i?+i+++

where:

APSHRYLTOT = Aggregate market shares of fleet vehicle technologies

VT = Index of vehicle type: 1 = cars; 2 = light trucks

FFF = Index of fleet vehicle technologies, corresponding to IT = 3,5,7,8,9

d) Normalize businessfleet market shares:

_!_+_._ii++ii++_ii_i+_:.__i_,_._,,_ _ _i_,_+_:_:+_+_._;i:!_ __ _'_._
:.+i++++++:+++++++++++++?++++++++++++++?+++:+++::+++++++++++++!+++++:+i++++:++++ ' +++APSHRFS"I'm+"_I_++++Aps"RFLToT++i_i"++ii +++++++++++ i++i,++++++::+++_!++++

where:

APSHRFLTB = Market shares of business fleet by vehicle type and technology

11) Reset new car and light truck sales using market shares, mapped from three to six size

EnergyInformationAdministraUon
B-_0 NEMSTransportationDemandModelDocumentaUonReport



classes:

where:

NCSTECH = Regionalnew carsalesby technology,withinsixsizeclasses:

OSC = I-6;IS = 2,1,I,3,3,2

NLTECH = Regionallighttrucksalesby technology,withsixsizeclasses:

OSC = I-6;IS= 1,2,1,3,2,3

LIGHT DUTY VEHICLE FLEET MODULE Subroutine TFLTVMTS

This subroutine calculates VMT for fleets.

1) Use historical data on fleet vehicle travel to est ,:ate total fleet VMT:

where:

FLTVMT = Total VMT driven by fleet vehicles

FLTVMTYR = Annual miles of travel per vehicle, by vehicle and fleet type

VT = Index of vehicle type: 1 = cars, 2 = lig_lt trucks

FrY = Index of fleet type: Business, Government, Utility

17"ECH= Index of fleet engine technology, corresponding to fir = 3,5,9,7,8

2) Disaggregate total VMT by vehicle type and technology:

_i:;._i_::_i:_i!i:::_i::i:/::::_:::::::::::::::::::::::::::::::::::::::::::::::::::::::!::::i_::i::!:::::::::i::_:.:::ii:::::::i....i.........:.......:...i. ....!.!...:i!::/::_....................:::::iiii::ii:::,i_ii:,:::/.:::;::i:.........:ii;/.....',:.i_. !...i. iiii:i!iiiiiii!!:.!!ii!i::_ii!:.iiil: il ii::iii!i!i_::i;;:i;:_iii.._:i_ii:
: ii'._i:!ii!!:ilii!iiii!::i!!i:iiiiiiiiii!i ii !illii!iii! i!!iii ii i !!iiiii!!!!iiiiiiiiiii!!ii!iiii!!iii:i!!iiiiii!ii!i!ii!!!!iiiii_!ii! iii!iiii!i!ii!!!!!iiii!!ii !iiiiiii!!iiiii!ii!!i!iiiiii i: iiiiil iii!i!ii:!iii!iii!!iiii!iiiii!i:i,!ii!!!i!i!iiiiiiii!:! i!!:!i!!iii!!!i!!!i!!iii!il

whe_:

FLTVMTECH = Fleet VMT by technology, vehicle type, and fleet type

VFSTKPF = Share of fleet stock by vehicle type and technology
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LIGHT DUTY VEHICLE FLEET MODULE Subroutine TFLTMPG

This subroutine calculates fuel efficiency for the fleet stock

1) Calculate the average efficiencies of the five non-gasoline technologies (ITECH = 1-5):
.. i !!: .,-. . i 'i" i .:.i:.::!.:i: .- ..... ::'::.i:.ii.i.: :.... :::i..i": Z ..-::.::".:.:;:i'.ii:!:!:.:i:.:":..... .: ' Z. ' :. " ': '[!.:i:.::Z : : .Z:..:::: .:..:.:::".:..::..:.i :.::.. ...:ii": : :.::'.::.'.i:i:.::.. " " . ' . " . " i..

iliiii ! i i i !i[:,i i ! i;,,i ; i !iili i :::: i

•.. ........::::.::.- ..... . .... ..... !:.::::i!:! ....!::: :"rl,,,, I..IVlr_:_ j_:.'"_e i:= l ii.'_:i:_,:.........'.....................:'_.......'.... ,2 ..... ";". ;:::1: ::!]] :' :: . ' . : : ::.:.:i:.i: .::: .:: .:.: :::]!:::: :'::
=====================================================================================......:..::_._>.:_:__ _.:_::_::_:::.:.::.:.:.:>.:_:[,.,.,._:._MPGff_._.,:.[_.110,ii_i|_:.::_:_.::.:.... ......:..:.:,_:<::.::>:...::_....

where:

FLTMt_ = New fleet vehicle fuel efficiency, by fleet type and engine technology

FMSHC = The market share of fleet cars, from the AFV model

FMSHLT = The market share of fleet light trucks, from the AFV model

NAMPG = New AFV fuel efficiency, fromthe AFV model

/T = Index which matches technologies in the AFV model to corresponding ITECH:

ITECH = 1-5,/T = 4,2,7,5,6

IS = Index of reduc._ size class (1-3)

VT = Index of vehicle type: 1 = cars, 2 = light trucks

2) Calculate the average efficiencies of conventional vehicles:

. fti:!!!ii::ii£i+ilil:.£££i:.:ii%::ii::il;:iZi!£iiiilt1!i:_ii:i;!:i;i::£i£1iii!ii!i+¢!;i!ii!!i:t!iiti{iiiiiiiii£iiiiit:>._!:i::_:.::::!i;L__!ili::iiii::i::_._._°_,,i !ii!:.il::__i__iiii:;i::.i:.i!ii_!ilil;:ii!:.+i!_i!i>i_:+ii;i;:._.::;::::!!iii_i_:i::i:i_iiii!iii¢:_i:f:!!i_i;

::::ii', iii i i'_!ii!! ":i :! ':'_'.!i_,_i if! i_, 1':'_ii':i_!i :::!::::_,_':i_li):_
iiiliiiiiii:iiiii!iii:iii!iiiiii!i!iiiii!iiiii:iiii::iii:i_i:!i!_iliiiii::ii_ilill i!!iiiiiiii::iiiiiiiiiiiiiii!iiiiiii!!!iii::iiii!i:::: i:_ili!i:i::i

:::::::::::::::::::::::::::::::::: ::::::::::::::::::::::::::::::::::: :::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ,::.:: : ::::: ;.:.::_[::.:.:, M ','..,.:, ::::::::::::::::::::::::: .::::::::::::.:::: .... : ::..' : :: :: ::.:.:;.::::;:: ::' ii:!ii!-: ::::iiiii:!:iii!ii::ii:Ziii!iiiiii'!i:::ii ::i_!_!_:i_i:i1i!_:_iiiiii_._:iii_:_:_:::_::_:_i_:._iiii!_ii_ii_i_!i_i!!_::!i_i!!;_i_i_i_.:i:" :::LF ::::::::::::::::::::::::: :i!!ii:ii!!:!i:!!{i:i::ii.:i:!?i:i:.i:::iiiiiz:!: :::+:i:.::!:iiiiii!i:ii:ii!:ii!!!i!:!:!:i;!:

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ";: :t::';::::.:. :. ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: : ::::::'::::: " :.:::1:::::::: 1"-: ::::: ::.
..;,:..'..:-';,:.: ...... :.:,..4.< ........... :..:,:. :4 ............ :: .......... ." ........ :..;::::::::::;::.,:.:.:::.:;.:...:.;.;.:...::.;," ,iS IIl_'_..... : .. ,Ir--,:,_;_:':':':':':':';::: ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ,; :,'t :;t.'...::..:,::t:,:,.,

wh_"_:

FF,C3,_.. = New car MI_, by threesize classes,from the FEM model

FET3SC = New light truck MPG, by threesize classes, from the FEM model
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3) Calculate the average fleet M:PGfor cars and light trucks:

where:

FLTMIa3TOT = Overall fuel efficiency of new fleet cars and light trucks

4) Adjust vintage array of fleet stock efficiencies to account for new additions:

(B.113)

i:i il ' :'if:, :: ii:i::ii '

: :!:i!iiii:i!;i::/::ii:iT•:i!ii_':!i:i:i i!/_ii:i::!iiiiii!i i • ....i: : ,: : ' ! i:.__i.:.::,.::ii-::. ii:i:i: : _:i,ii!.,!ii!!• :i

where:

MPGFSTK = Fleet MPG by vehicle and fleet type, technology, and vintage

IVIN = Index of fleet vintages

5) Calculate average fuel efficiency by vehicle and fleet type:

(_114)

i--. ., : i::::iiiii:.•(.!::!...... .: : ........... :_:.::%::i : :_..::.:•:::::::.:).ii:i_ii.!::¸:::::.:::;:

where:

MI_FLTSTK = Fleet MPG by vehicle and fleet type, and technology, across vintages

MAXVINT = Maximum/V/N index associated with a given vehicle and fleet type

VDF = Vehicle degradation factor

TFLTECHSTK = Total fleet stocks by vehicle, fleet type, and technology

6) Calcuiate overall fleet average MPG for cars and light trucks:

i_!_!!"ilii:i!_iii_ii!!ii::iiiili!iiii'iii_iiii!iiii!_iii_iii:'::iiiil!!!!iliii:i:i:i-_.i_i!_:ii: i:i:i:i:i:i:!:i:i!::i:!::i!:_'::_::_::i_i:i:_.!:i::_:!::.i_.:.:_i_ii!_i!(i:i::iJi!!ii:ii!:,iii:!!i:iii:i:i':iiii!iiiiiiii:iiii:,:i:!!:!iiiiiiii:'_::',:ii_:i:iii:_:i:ii_ii:.:_::_'::'_i_::_:,i__i:_:!!_i!::i::i:.il,ii',_ii::i:!:i_i_:i:i:ii::!::_ii:.:ii:'._::i:ii:i:._

i !!i::! :.i!iiii!:ii!ii:::.::!7::i!ii:iiii!!i::::iii::!i::i::i....:.........._::.....i:_::i!ii!:!i:!i::iii_ii!i:iii:_::i!ii''= : F _':i........ !iii!:i_.::_:::_i::i::!!ii_::._!ii!i:,.:.:.:ii_:.i_:i::i!:::_::!_i:i:!r!il!:!i
iliii::::iiiiiii::i::i::i::i::i!i:.ii!ii':i!i!?:iii::::!::i:ilili::i!i!::i::ii!::!i!::i::i:.!;i::!!::iii:-iiliiii::::::ii!::iii::iiiii:::.i:::::::::::::::::::::::::::::!::!!i::i::iiii!::i::i::!!i::i::iiii!::i::!i!i!!ii!::i::i:.ii!::iiiiil[_wii_::i!_i ::_!::i:iM_Gi!!iii__ii_-,_.n_:::] iiiiiiiil!iiiii::!!iiliiiiil:iiiiiilii!iiliiii/:i!fliiiiii:i:ii:iiiiilfii!ii!iiiil!ii:.!iiliiil!ii!!i::ii:ill

where:

FLTTOTMPG = Fleet vehicle average fuel efficiency for cars and light trucks
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LIGHT DUTY VEHICLE FLEET MODULE Subroutine TFLTCONS

This subroutine calculates fuel consumption of fleet vehicles.

1) Calculate fuel consumption:

• • FLTVMTECltv+.m',,_eC.+ _:. _i__i_i I(B.116)_
FLTLD_/Cv'r.,'r,,,..c.,,=-_I#GFLTsT_,i _:_ :i_

where:

FLTLDVC = Fuel consumption by technology, vehicle and fleet type

2) Sum consumption across fleet types, and convert to Bm values:

= EIFLTLDVC_.m_); _.QBTU,,,c. •_:.(e.117)

where:

FLTFCLDVBTU = Fuel consumption, m Btu, by vehicle type and technology

QBTU = Energy content, in Btu/(3al, of the fuel associated with each technology

Consumption by trucks and cars are added, and total consumption is subsequently divided among

, regions:

where:

FLTFCLDVBTUR = Regional fuel consumption by fleet vehicles, by technology

RSHR = Regional VMT shares, from the Regional Sales Module
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UGHT DUTY VEHICLE STOCK MODULE

LIGHT DUTY VEHICLE STOCK ACCOUNTING MODEL Subroutine TSMOD

1) Sum across size classes and regions to obtain vehicle sales by technology:

where:

TECHNCS = Total new car sales, by technology

TECHNLT = Total new light truck sales, by technology

NCSTECH = New car sales, by region, size class, and technology, from the AFV Module

NLTECH = New light truck sales, by region, size class, and technology

OSC = Indexofsizeclass(I-6)

IR= Indexofregion(I-9)

/T = Index of vehicle technology (1-16)

2) These variables are assigned to the first vintages of the automobile and light truck stock

arrays, and the population of subset uent vintages are calculated:

a) For VINT = 2-9:

EnergyInformationAdministration
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b) For VINT = I0:

' (,:,As ......PASSTKIT.VINT,.,tO.T i := ST ,NT,,e,.,T,.,I ii" SSURVPvINT.e ) Zi

."U.V':'v,.,,..., + _ i,( .......... . ' ) "
(ml;.)

where:

PASSTK = Surviving automobile stock, by technology and vintage

LTSTK = Surviving light truck stock, by technology and vintage

SSURVP = Fraction of a given vintage's automobiles wl_ch survive

SSURVLT = Fraction of a given vintage's light trucks which survive

VINT = Index of vehicle vintage (l.10)

3) Add retired fleet vehicles to the appropriate vintage of the non-fleet population:

:_ (B'122)i
; ::;;; : ; _:; : .... ; ;

where:

OLTFSTK = Number of fleet vehicles roUed over into corresponding private categories

TVINT = Transition vintage: vintage at which vehicles of a given type are transferred

TYPE = Type of fleet vehicle: Business, Government, or Utility

ITECH = Index for the six fleet vehicle technologies: mapped to corresponding/T index

4) Sum over vintages and technologies to obtain total stocks of cars and light trucks:

:: iii i .: .il]!iii:_ii:iiii: i i i i::i:i:!:i:i!iiii:il;i!ii:iii:i:: : i::i:ii:i!iiii:iiii:!::ii:!iii:i:i:]:i;ii:ii:i!i!i]:!:i:i:i!i_i.:!!]::'WNTr_t!ilT:_|'iiii :".iS : i :i : i i i : : ]

i;i _:_::;iiiil;i!iiiii:iiiiiiil;ii!STKT_i_i_iiii!ii_!i!!_iiiii!_!::LYST_!_i_i_!i:i::i!iii:il::!i!i!::ii!::i!!;iiii!i i
i:i:_ii!.i _:_:iii_i_:_,,!S::i_:i_i:::ili_i::iiiii:.iiii_!;_::ii_:i:ii:.:._ii:_i_iii;i!i_:::_!! i_i__i:iiiill!_.:i_i!:.i;_!!i_i_!::!:_ii:i:_il::: i::!:,i::iiliiiii_:iiiiiii::iiiii:.iii!ii!_!ii_i:

where:

STKCAR = Total stock of non-fleet automobiles in year T

STKTR = Total stock of non-fleet light trucks in year T
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5) Calculate LDV shares of each technology:

:_ (PASSTI_',v'"'r,' . LTSTI_T.wT.') (B.124)
VSPLDVTT--s =""T"

STKCARr + 8TKTR r

where:

VSPLDV= The light dutyvehicle sharesof each of the sixteenvehicle technologies

LIGHT DUTY VEHICLE STOCK ACCOUNTING MODEL Subroutine TMPGSTK

1) Map non-gasoline vehicle sales from six to three size classes (IT = 1-15)'

: ':: ' NCSTeCH.,.... NCS3A_,'ro'r= :_ :_: ,osc.,T.'r
.... :: ' ' ' Ot¢IR-I

!:::::: !:!.:!: and (B,1251

. -:NLT3_iT: r ":_ :_ NLTECHm,osc,n.,T
: :: : • OllC IR_l
: ,:

where:

NCS3A = New car salesby reducedsize class and engine technology:

1S= 1, OSC : 1,6; IS : 2, OSC = 2,3; IS : 3, OSC = 4,5

NLT3A= New light trucksales by reducedsize class and technolgy:
IS =I,OSC= 1,3; ]S=2,0SC=2,5; IS = 3, 0SC =4,6

NCSTECH= New carsales by region,technology,andsix size classes
NLTECH= New light trucksales by region, technology,andsix size classes

2) Calculate total regional sales of vehicles by reduced size class:

" ":::. =======================::::: !: .:i, : r :i_::::N_l_.:_,,.r,=:_ NCSI_;o_:i:i :.: :.:::

where:

NCSR : Regional new car sales by reducedsize class

NLTSR=Regionalnew light trucksales by reducedsize class
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3) Sum across regions:

• NC838Cm,r ,:_ NCSl_i,: al '1'i: : r
• tllt,,,,l

:i .i _ _ • and_ _

• , NLTSZSC_T-_NLTSR._ x

where:

NCS3SC = Total new car sales by reduced size class

NLTS3SC = Total new light truck sales by redtw,ed size class

4) Sum conventional vehicle sales across regions:

where:

NNCSCA = New conventional car sales by six size classes

NHLTCA = New conventional light truck sales by six size classes

_) Calculate average MPG within reduced size classes:

.... " _ ....... ' AMPGC.x-I_NCMp_!°!_!I! . ! __ii_ _! _! _

iiiii:_:

where:

AMPGC = AvemBe new car MPG mapped from six to three size classes:

IS = 1, OSC = 2,3; IS = 2, OSC = 1,6, IS = 3, OSC = 4,5

AMP(3T = AveraBe new truck MP(3 mapped from six to three size classes:

IS = 1, OSC = 1,3, IS = 2, OSC = 2,5, IS = 3, OSC = 4,6

VT = Index ofvehicle type:l = cars, 2 = light trucks

EnergyInformationAdminisWation
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6) Calculateratio of truck to car 1V[PGby size class:

• -.=--,Mr,...,RATIOwT=: , ..... (B-130}
. AMPGC_,,,.i

where:

RATIO= LighttruckMPGadjustmentfactor

]vQ_3C= Newcarfuelefficiency,byez_metechoo]oBy
MF_T= Newlighttruckfuelefficiency,byenSmetechnology

NAZvS_= New,_FVfuelefficiency,fromthe,_FVmode[

8) Calculate new vehicle MPG for gasoline ICE's (IT = 16):

• ::: :. ::ii:::_,,_.:_.::_!_!:_i!_:_!:i_i!i_i_i:',_i_!:_._i_,_,__: ::: : :: : i:_:_._
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where:

NCMPG = New carMPG, fromtheFEM model

NLTMPG = New lighttruckMPG, fromtheFEM model

9) Calculate averagefuel efficiency across all technologies for cars and light trucks:

• _ ANCMPGt =/_ .... ""'-""
. _. ! _i_ ' [I_,_IilIIMPG_zT.._:, '

_ ,_ _ _ _ , ............,_ _ _ _._i__ _.i_ _, _(m133)

ii_i_.i_ _

;AmMP_' _:MPGT=.....; ;

where:

ANCMPG = Averagenew earMPG

ANTMI_ = Averagenew lighttruckMI_

APSHRNC = Absolutemarketshareofnew cars,by technology,fromtheAFV model

APSHRNT = Absolutemarketshareofnew lighttrucks,by technology,fromtheAFV model

i

10) Calculate total miles driven by each type of vehicle:

where:

TOTMICT = Total miles driven by cars

TOTMITT = Total miles driven by light trucks

PVMT ffiAverage automobile VMT, by vintage, from RTECS

LVMT = AveragelighttruckVMT, byvintage,fromRTECS
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11) Calculate total energy consumption:

CMPGTT ;V"Fv..
! .

to, . ._,_ LTSTK.r.w.T LVMT,_

where:

CMPGT = Automobile stcck Mt_

TMPGT = Light h'-dckstock MPG

CMPGSTK = Automobile stock MPO, by vintage and technology

TrMPGSTK = Light truck stock MI_, by vintage and technology

VDF = Vehicle fuel efficiency degradation factor: VT = 1 for cars, VF = 2 for trucks

12) Calculate stock fuel efficiency'

where:

SCMPG - Stock MPG for automobiles

STMPG = Stock MPG for light trucks

13) Calculate average fuel efficiency of light duty vehicles:

where:

bff'GFLT = Stock MPG for all light duty vehicles

EnergyInformationAdmlnislration
' NEMSTransportationDemandModelDocumentaltonReport B-4 !



14) Calculate average fuel efficiency by technology:

, : ' lei: :i : •PASSTK,.,,r,,,.r PVMTiv;_ =:,_:::i_::LTSTI_Tjv,r LVMT, v
- , .., ' --- .,..._. _ _, ,. ,,.. ' .. .. ...

MFGTECI_T,".. ,)._ CMPGSTKrr..v.r* VDF_ _v-, TTMPGSTKrr.,vl'r*VOFv.,r._ (B-1381
• i_ ............. " TOTMi_ ; TOTMiTT.r ...... .

• . i . . r

where:

MI_TECH = Average stockMPG by technology

VEHICLE MILES TRAVELED MODEL Subroutine TVMT

1) Calculate the cost of driving per mile:
....

•

C08TMIv =TPMG_: • 0i125_! (B'139)• :.... i__i
i

where:

COSTMI = Cost of driving per mile

TPMGTR : Price of motor gasoline

MPGFLT = Fuel economy of the automobile fleet

0.125 - Conversion factor for 8asoline, in MMBtu/saUon

2) Calculate per capita income:

• _vmr"r TMC POPAFOT :::: (.'140):
• : :!ii .... _ :i :_....

where:

INCOME = Per capita disposable personal income

TMC_YD = Total disposable personal income, from MACRO module

TMC POPAFO = Total population, from MACRO module
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3) Calculate unadjusted VMT per capita:

VMTISr = R"Oi' VMTPCT.4 , + ALPHA (II_RHO

* BETAIE ( INCOME T - RHO_- INCOMEr_ )_

.... + BETA DEM (PrFemf-RHOI-PrFemT41) i _

where:

VMT16 = Per capita VMT for persons 16 and older

ALPHA = Constant parameter for the VMT difference equation

BETAPE - Parameter associated with the cost of driving

BETAIE = Parameter associated with disposable persoal income

BETADEM = Parameter associated with demographic influences

PrFem = Ratio of per capita female driving to per capita male driving.

RHO = Lag factor, estimated using the Cochrane-Orcutt iterative procedure to be 0.72.

4) Calculate adjusted VMT per capita:

where:

ADPCMTPC = Demographically-adjusted per capita VMT

DAF = Demographic adjustment factor

5) Calculate total VMT:

where:

VMTLDV = Total VMT for light duty vehicles

6) Calculate net VMT, subtracting off fleet and light truck freight VMT:

where:

VMTEE = VMT for personal travel

FLTVMT = Fleet VMT

FVMT$C = Freight VbfF by size class
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7) Calculate VMT by technology:

where:

VMTECH = Personal travel VMT by technology

VSPLDV = Sales shares of vehicles by technology
I

8) Calculate fractional change of VMT:

where:

XLDVMT = Fractional change of VMT over base year (1990)

VEHICLE MILES TRAVELED MODEL Subroutine TFREISMOD

1) Calculate light truck sales dedicated to freight:

....:::(_147):. :.. :/: ++,

where:

TRSAL = Light truck sales for freight

TMC SQDTRUCKSL - Total light Wack sales, from MACRO module
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3) Add to vintage array and adjust stock survival:

where:

TRSTKTECH = Light truck stock by technology

SSLTRVLT= Array of survival rates for l_.ghttrucks

4) Sum over vintages:

where:

TR$'I_TOT = Total light truckstockby technology

5) Sum over technologies:

i i_,' _.!!i _ i i_i _ii!i!i_. _, ii ::_i:iiii(B'151)i_i.

where:

TRSTK -- Total light truck stock

6) Calculate average MPG for light trucks:

_i:i!iiiii!!!iiiillii!i!iiii!iiiiiliiiii!iiiiiiiiiiiiiiiiiiii!iii!i!iliiiii!iiiiili!ii!iiiii!iiiiiii!iiii!!!ii!!!iiiiiii!ii!!ili::ii!!!iiii!iiili!!i!!!iiiiii!iiiiiiiiiiiiiiili:;!iiiiiiiili_iiiiiiiiiiiiiiii!ii!ii!iiiiiiiiiiii?_i!?_!iiiil::ilili!i::iii::iiiiii:_iiiiii?:!i:i!iiiii_i!iiiii:,iiiiiiiiiiiiiii!_:_:

where:

TRFLTMPG = Average light tn_k MPG
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VEHICLE MILES TRAVELED MODEL Subroutine TMPGAG

This subroutine calculates aggregate fuel efficiencies for cars and light trucks.

1) Sum fleet vehicle sales over size class:
::::::::::::'::: ====================================::::::::::::::::::::::::::::::::::::::::::: 'h:Ar: ' : . _ ii :i::i" :':" i i-'i ..... +.-,...,,+ ,r': :'::::::::::'_:::):::)_:1%i:i:i:!:_i:i:::ii:':.i'iiliiii!iiii::!_i!i!_!_!!_i!i_iii_i_i_ii!!!i_i!_iii_i_i_i_i_ii!_iiiii_iiii{_{i!i_i_i_i_i!_i_i:!!_!:!::+i:_:::: ::: :: ::<i_:i:::!_:_=::i!:_::_:_.:_i:i:: :: : ::!i:.........i!!i:>?::i:::-i:ii:_::•:_ii:iil:::7<i!i!:::/:::i :
i:_i_iiii'!iii_i!!!!iii!iiii_!iiiii_i!!_!iii!_iiiii_i!_ii!ii+i_i_iii!_i_ii_iiii!i!i!i_L_casAt_7'+_+_!_i_+i<_FLTEc_R_i+!_c`..,:_ ::_;_'_:?_::::::_,:<_::::::i'(m.+1_l :_::::::::::::::::::::::::::::::::::::::::::::::::::::: :,:+.::,::<+.:::...;, :,.:..<,.,:<,;:.:::::<.:.: ...... 0_ t:,<.. +:+_mllt.:.: :,: :,. :,. ::.. ..::::..:...::: ::::... , :: .: .: ::,::_..r:'+ ::::: ;+:. :.::::::; :.::::
.?ii_.i_!i_i_!_!i!i_;i!i!i!_!i_!{i!!!#{_!!i!iii!!!i:iii_i_!_ji!!.!ii_!i!i_!i!!_i!!ii%_i_i!!ii!_i!ii!!/.i_!i_:_`!_!_i_!i_;':::!: :i:: :'i'i; :' i. i:::i': :::::: i :::<!i:iiii:i!.ill_4::i:!ii:i!:ii:i:il:i;:. ": ::iii::!i!!i:i:;:!!ii.i!iiiiiiii:ii!ii:iiii%i:;i!i;;!ii!il , :::!::+i'> :':: : ;i :i::%!:'::<]: : ::! :: IC! >!:i: i :

where:

FLTECHSALT = Vehicle purchases by fleet type and t_hnolgy

FLTECHSAL = Fleet sales by size, technology, and fleet type

VT ffiIndex of vehicle type: 1 = cars, 2 = light trucks

1TECH = Index of engine technology (1-6)

/TY = Index of fleet type: Business, Government, Utility

IS = Index of size class (1-3)

2) Calculate new vehicle MPG:

i+: !ii;;ilif!i!ii!ii?iiii!i :i::ii::iiiiii!!!iiiiiiii+!:i.i:i:i:!.::_::Yi!i:!- " - - + -- - ----.._ ....t.t,o_s_,n :t...._::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::.,:..-,. ,,. i%ii:%i:l!!.{:{:::{,${::{:::i:i:i:::::,.:i:::i:::_::.i:i:,%::i::%::::::::::::::::::::::i':: :_:i:_:iYi:i:i:i%i:i:i+i::.:.|+ihi. : .:i :!il :9 '.. !:> k:.: ii:ii! iii!ii :'.iiii!i_ :!ii::!

where:

FLTMPONEW = New fleetvehicleMPG byvehicletypeandmchnology

FLTMPO ffiFleetvehicleMPO by vehicletype,sizeclass,and ttmhnology

3) Sum fleet stock across fleet types:

'i+_!17',i!iii'i7 iiii.............i7ii:(i+ii+!i+!+!+ii?i!i+iii+,i+i_!iiTii+.........i+i'(i+ii+i_?i+%_i!':+_iii!ii!i_?!i!i+iliiii!!ii_,i!iiii!iliiii',i'_ilii_iiiiiiiiiiii!iii',!iiiiiiiiii!i!i!iiiiii_,iiiiiii!ii+!iiiiiiiiiii_+i+iiiiiiiliiii!iiiii!iii!!!i_i!',ii!i':!!i+iiiiiiii(__":_i!ii_iiii!iliiiiliiiii:,i}iiii(i_

where:

FLTSTOCK = Total fleet vehicle stock, by technology

FLTECHSTK = Total fleet vehicle stock, by technology and fleet type
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4) Calculate average MPG of fleet and non-fleet vehicles, by technology:

a) For cars:

where:

CCMPGLDV = New car MPG, by technology/T

/7' = Index of vehicle technology (1-! 6)

1TECH = Index of fleet vehicle technologies which correspond to the/T index

TECHNCS = Non-fleet new car sales, by technology/7"

MI:'GC= New car MPG, by technology/T

FLTSTOCK = New fleet stock, by vehicle type and technology 1TECH

FLTMPGNEW = New fleet vehicle MPG, by vehicle type and technology 1TECH

b) For light trucks:

:i!i_:.i!_:;_i::!!::_i_i:!_.i:i:i_ii_:i!:ii!ii:_:_::!!:::::ii!_i:':!.:::;_!i!:_i_il_!!:.!:;ii_ii.J_iiiifi:;!::!!:!!i:i:i:ii:i:i_i,i::::_!::.:...................:.ii!:ii!i_:ii:_:i!:::_:::_::ii::::!:i:i:i:i:i.:_i:i:i_::!:!:i................' :i:_!!i;_::;i:'Ji!i!!i:i:::::;!i:i_;:!!!_:i:::i:ii_ii!_;!i_ii:.i!::!_:!_i!::!_i:/_il_:

where:

_LDV = New light truckI_G, by technology 7£

TEC_T = Non-fleet new light truck sales, by technology/7'

MPGT = New light truck/vlPG, by technology/7'

5) Calculate total stock by vehicle type and technology:

where:

STOCKLDV = Total stock of fleet and non-fleet vehicles, by technology

STKCT = Stock of non-fleet vehicles, by technology

/7"= Index of vehicle technology (1-16)

£/'2 = Re,a_igned indices of vehicle technology £1"2= 1-16, 17"= 16,15,1-14

1TECH = Index of fleet technologies which map to corresponding/7' and/T2 as follows:

/T2 = 1,3,5,7,8,9;/T = 16,1,3,5,6,7, ITECH = 6,1,2,3,4,5
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6) Calculate total stock across technologies:

where:

TSTOCKLDV= Totalstock by vehicle type VT

7) Calculate average MPG of cars and light trucks:

_',_i:iii_i:'_iiii:i:i_i::_!:i:',i:i:!:i:i:!!i:i:i_i_.!_:'::i!,,_il_!_:'ii_!_i_iii'!_i_i!:!_i!:i_:i_i_',i_ii_i_'/i:i_',_i_i',ii_i::i_i_ili!!_!!_/iill!_ii_i:i_i!:'i_!ii_i_i!!_ii'_!_i!:i!i!!i!iiiiiiii_2iiiiiii!ii!iiiiiii!iii_i_i!!iii_iiiii!ii!!iiiiiiiiiiiiiilii_ii__iiii:_iiiiii_iii!iii!i!ii,/ :!i:,!i_iiii!iii_iiiii!ii!'!
!

ii![i!i!iiii!iiiiiliii!![!iil.iiiii!iiiiiililli!iliii !i !ii!iilii{iiiiiliiiii!iiLIiili!ii!i !iiil]iiiiii!i!iiii]iiiiiiiil]iilliii!il_iiiiiii!illii iii!iiiiiiitillii _ _iiiii!!ii!iiii!ii!iiiiiiiiiiii!!iii!i!iiiiilliiiiiiiiiiiiiiiiiiliii!iiiiiiliiiliiiij i!iililii!!il!i i i !iii!!ilili]ii i]iiiil!!!iiiii i!!iiiiiii.:

where

TMPGLDVSTK= AverageMPGby vehicle type VT

8) Calculate overall average MPG of" light-duty veh; _'fleet:

_!i__iili_,ii !i:_ ii_!_ilL!i":ii!iii'_' ._!::ii_!i_i_:_!_i_!i:_ii!::::i:_:_:!!_:_!!_:_ii!i_!!_i__'_

i!i!i

where:

TLDVMPG- Average fuel economyof light-dutyvehicles
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FREIGHT TRANSPORT MODULE

HIGHWAY FREIGHT MODEL Subroutine TFREI

1) Calculate freight transport demand by trucks for manufacturing, agriculture and mining

industries (I = 1-10):

i I

where:

FT1VITLT= Total freight traffic (Ton-Miles) for a given industry, I, in year T

TSIC = Value of output of industry I, in base year (1990) dollars

FACt,Mo_ = A freight adjustment coefficient

Mode = Index of freight mode: Truck, Rail, Marine

2) Convert ton-miles to vehicle miles:

+i_,+i__!...._i_ii_....._+.;_i___. ii_!!_'_"_i"__:__i_ _._ii i+i i ii ii i _ iii(_)

where

FVMT = Freight vehicle-miles traveled

FRLOAD = Constant relating a given industry's ratio of ton-miles to vehicle-miles

3) Sum across industries:

where:

FFVNfF = Total freight truck vehicle-miles traveled in industry group/X

IX = Place holder for industry group
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4) Estimate travel demand for construction and retail industries (I = 11, 12, IX = 2, 3):

FFVMTIx_, = |NTVMT90i_, * TSi_ _,.T........ , . TSICg0 -

.:

FFv.T,,.,,. i .......

where:

INTVMT90 = Base year (1990) travel demand for the considered indus_es

TSIC90 - Base year value of industrial output

TMC_YD = Disposable personal income, from the MACRO module

TYD8290 = Base year disposable personal income

5) Calculate total VMT for freight:

FTO_TT ii=E F_M_xI_ :_:_i i II_: !_!(B'I_)III

where:

FTOTVMT = Total VMT demand for trucks

6) Calculate growth in VMT:

where:

XTOTVMT = Fractional growth in freight VM'T over base year

7) Distribute freight VMT among three size classes:

where:

FVMTSC = Freight VMT by size class

FBENCH = Benchmarking factor to ensure congruence with 1990 data

TRSCSHR = Travel share distribution factors, held constant

IS = Index of truck size class (1-3)
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8) Distribute freight VMT among fuel technologies:

a) Calculate share growth adjustments:

, : .........i/. ....i _:, _:: ! , _. : ..... S,Tt_ "' FSHRtS.T_Ca.T=FLVMTSHR;sTtCa.T4 :,GROWT_ " " (B.lSg)

where:

FSHR = Adjusted technology share of VMT demand

FLVMTSHR = Normalized technology share of VMT demand

GROWTH = Constant growth adjustment factor for each technology and size class:

GROWTH = 1.0 when TECH = 3,4,5

TECH = Index of engine technology (1-5)

b) Reassign variables for TECH = 3-5:

c) Normalize and reassign shares for TECH = 1,2:

d) Calculate VMT by technology:

where:

FVMTECHSC = Freight truck VMT by size class and technology

9) Sum VMT across technologies for second size class for use in subroutine TMISC:

_i!_ _i_i!i_i_!'_i__ !ii_iii_:_!'_!i_!ili!_ii_'_iiiii_i!i!i:!i!i!:_i!iiiii!!iiiiii'_ili!_,iii_iii!!iiii!_iiiiiiiiiiiii!ii_iiiiiii!:,iiiii_iii_ii!i!_!:'ii',!i:,i!i_iii_iiiiii!!iiiii',iiiiiii!'_i_iiii!iiiii:,ii!i!iliiiiiiiiiiii_ii!i_,:_,ii!_,:_/_,iiii_ii!i!i_i!_i:i!ii',!'_!'i:iiii::_ii_:ii!!i'_!_::_:__:_::i::':i_::i_!::_ili:,!,_,:_

:ii:_i!::ii:i:i::i:i_.::.!i,:i!:.!__ii!!iii:_::_!ii!i:ii_:iiil;i:i:._iiiiI!_i::.iil!_:iii::iill!!i::::i_i!i!iiiii:!i::iiii!iilili::::!:;:.:::i:ili!i::.ii::_!!il:!i!ii!i!_c._ilii:_i!ii!:::.::i!!iiii!::ii!i!ilili!::::iif!i:::i::iiif::iiii::_i:.iiiiiii_:_::_ii:._i_!:_:_!__:::_ii!iiiiiii!i::iii;i:i!::_ii:_ii!i!!iii!ii_!i:ilia:!!ii::,i!iii:.!::::!i:_i!iiii!::iliiiiii'rii!iii::i::!:

where:

SUMFVlvlT = Total freight VbfI"for the second size class

10) Calculate freight truck MPG:
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i . _-ITPMGTRr
_ (B.174)

:: TBETAlll) * MAX 1.0,. _ _:__.... _-
FMPG,,.nc..T : FMPG..,T_c.,r_* ( 1 + __ r _' TPMGTR'r_'

where:

FMPG = Freight truck _, by size class and technology

TPMGTR = Price of motor gasoline

TBETAI - Base rate of fuel economy growth, by size class

TBETA2 = Fuel-price sensitive rate of fuel economy growth, by size class

11) Calculate fractional improvement of fuel economy for gasoline-fueled light trucks:

where:

XFREFF = Fuel economy improvement over base year

12) Calculate fuel consumption for each truck type:

where:

FFD = Freight fuel demand, in MMBtu

QBTU = Heat content :_z fuel used by the considered technology, in MMBm/gallon

13) Calculate average fuel efficiency for second size class, for use in subroutine TMISC:

where:

= Average truck fuel economy for seconc size class

14) Calculate total fuel demand for trucks, by technology:
where:
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: : FFDT_c_,T FFDa,T:cHI: (B-178)
ia.,l. •

FFDT = Total fuel demand,by technology,in MMBtu

15) Calculate regional consumption:

:(B.179)
i:

• .

where:

TQFREIR= Totalregionalfreightenergydemandby technology
TQFREIRSC= Totalregionalfreightenergydemandby technology andsize class

SEDSHR= Regional sharesof fuel consumption,fromSEDS

RAIL FREIGHTMODEL Subroutine TRAIL

1) Calcutateton-miles traveledfor rail,by industry:

where:

RTMT = Rail ton-miles traveled,by industryI

MODE = Indexof freightmode: truck,rail,marine

TSIC= Valueof industrialoutput,by industry

I = Indexof NEMS industrialcategory
FAC = Freightadjustmentcoefficient,by industryand mode

2) Sum across industries:
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..... • _ r ¸!__i•• i•i_i!!i.... _iiii•i: I_I!̧ _ii ¸¸¸I0¸'I¸ _• _!_ii/i!_i/_ !_i• !_ ii!̧ •i_il _ • _ i •

where:

RTMTr = Total rail ton.miles traveled

3) Estimate energy consumptionby rail:

where:

TQRAILT "--Total energy demand by rail

FERAIL = Rail efficiency coefficient, in Btu/ton-mile

4) Increment rail demand for specific fuels:

' _i i .ii _i ,i!: _ :_!i_iii:. _=I.TQRAI_ (B'183) _

where:

TQR.A/L -- Rail demand, by fuel _7'

/F = Index of fuel type

5) Divide into regions:

where:

TQRAILR = Regional demand by fuel type

SEDSHR = Regional shares of fuel demand, from SEDS

/R = Index of census region (1-9)
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6) Calculate fractional change in rail tr_,el and fuel efficiency:

,,

i
:

: .... : . : ?

, ;:_:;:,::,An_sk=rr,:,= ................................. : _ ,
: :_ , ; : .; ' : i" FERAIL.rI";_ i _ .....

where:

XRAIL = Growth in rail travel from base year

XRAE, EFF = Growth in rail efficiency from base year

WATERBORNE FREIGHT MODEL Subroutine TSHIP

l) Calcutate ton-miles traveled for domestic shipping, by industry:

:.::i :_ i%STMTi.T=8TMTt; :i_iFAC;_I_ i:;!i!

where:

STMT = Ship ton-miles traveled, by industry I

2) Sum across industries:

where:

STMTT = Total ship ton-miles Waveled

3) Estimate energy consumption by ship:

where:

SFDT = Total energy demand by ship

FESHIP = Ship efficiency coefficient, in Btu/ton-mile

SFDBENCH = Benchmark factor to ensure congncmoe with 1990 data
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4) Allocate energy demand among specific fuels:
• • i • : ' . "

_ 8FO..T = 8FDT. r SFSHARE_,: 1B'189) _
r .

where:

SFD = Domestic ship energy demand, by fuel/F

SFSHARE = Constant allocation share for domestic shipping, by fuel

5) Divide into regions:

TQSH,PRsi.i.,T _.SFDt_:;I_I!SEDs._i_i _ : _ ii_I_ (_1")ii

where:

TQSHIPR = Regional ship demand by fuel type

SEDSHR = Regional shares of fuel demand, from SEDS

6) Calculate international shipping fuel demand:

r _ q ::':_:. : : _ _Is_DTT _ :_ls_doT_'_u _ _ ir_:____::::ii_iiiiiii!i:_iiO_Sii!i!,!lS:FDTT_:,:i!i;:i:!i. ! . ;,1:,.::,:, .i:: .........:i!;.........!i,:_):i

where:

ISFDT = Total international shipping fuel demand

GROSST = Valueofgrosstrade (imports+ exports)

7) Allocate among the considered fuels:

where:

ISFD = International ship energy demand, by fuel/F

ISFSAHRE = Constant allocation share for international shipping, by fuel
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8) Divide into regions:
..... .... :_ . • : . : :

, _i: _ " , TQISHIPI_,,_.,= ISFi:):,, • SEDS.I_...;¢ 1B-1931
• .

where:

TQISHIPR = Regional international shipping demand by fuel type

9) Calculate fractional change in domestic ship travel and fuel efficiency:

where:

XSHIP = Growth in ship travel from base year

XSHIPEFF = Growth in ship efficiency from base year

EnergyInfomationAdminislration
NEMSTransportationDemandModelDocumentationReport B-57



I

AIR TRAVEL MODULE

AIR TRAVEL DEMAND MODEL Subroutine TAIRT

l) Calculate the cost of flying:

where:

YIELD= Cost of air travel,expressedin cents per RPM

TP_'R = Priceof jet fuel, in dollarsper million Btu
OPCST = Non-fueloperatingcosts, in dollarsper availableseat-mile

2) Calculate the revenue passenger-miles per capita for each type of travel:

a) For business travel"

b) For personal travel:

c) For international travel:

where:

RPMBPC= Per capitarevenuepassengermiles forbusiness travel

RPMPPC= Per capitarevenuepassengermiles forpersonaltravel
RPMIt_ = Percapitarevenue passengermiles for internationaltravel

TMC_GDP= Grossdomesticproduct,from MACROmodule

TMCYD = Disposablepersonal_come, fromMACROmodule
TMC_POPAFO= Totaldomestic population,fromMACROmodule

PCTINT= Proportionalityfactorrelatinginternationalto domestictravel levels
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3) Calculatethe revenue ton-miles (RTM) of air freight:

where:

TMC_EXDN87 - Value of merchandise exports, from MACRO module

DFRT = Fraction of freight ton-miles transportedby dedicated carriers

4) Calculate total revenue passenger-milesflown for each categoryof travel:

a) For businesstravel:

b) For personal travel"

c) For intemational travel:

_ _ i i ! i !i! ii!_ __!_,i_'__'__!i', _,', ', _,i,', i_!_i
:ii!:iill iiiiiii_iilfilliliiiiii!iilii!i i_i !iiiii!ili!i!iii!iilii!iiiiii!i!i!iiiiiiii!i!:i!:!_i:

where:

RPMB = Revenue passenger miles for business travel

RPMP = Revenue passenger miles for personal travel

RPMI = g_-_enue passenger miles for international travel

DI = Demographic adjustment index, reflecting the public's propensity to fly

5) Calculate total domestic air travel:

.__!"__,'_......_,_iiil!iiii_',iI_,!_,I_,I_.....'_,i_/i'_i!i",ii',iI!!',!i__,ii','/",",_iii_,_'_'_i',!_____'_'_'_!i',ii!!i!}iiliili}",i!_,'ili!}.............iiiii!ii......I!I_i_!_i

where:

RPMD = Total domestic air travel
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6) Calculate the total demand for available seat-miles:

!__::i!ii:i/";!ii_; _II!_I_iI!_!!_::_I!I_"?:/:ASMDEMD_iI__=i: i 'Li_D°M, 21, LFINTER,r".I :,__i! "
i

where:

ASMDEMD = Total demand for available seat-miles

LFDOM = Load factor for domestic travel

LFINTER = Load factor for international travel

EQSM = Equivalent seat-miles conversion factor, used to transform freight RTlVl's

AIRCRAFT FLEET EFFICIENCY MODEL Subroutine TAIREFF

l) Calculate available seat-miles per plane, by aircraft type:

where:

ASMP = The available seat-miles per plane, by type.

AIR/IS = The average number of airbornehours per aircra_

AVSPD = The average flight speed.

SEAT = The average number of seats per aircraft.

/7" = Index of aircraft type: 1 = narrow body, 2 = wide body

2) Calculate fraction of seat-mile demand accomodated by narrow-body aircraft:

•iiii:i;i:::i:.i:iil'il_;ii:ii!iiii:ii;ii__..ii!i_i::/!::iiii_ill _iii:.iii'::::,:_!i!;:.:::ii::iii!i!:i!iiii:i!!i!i:ilillii!ii:iiii!ii.ilil_.:!i!i;iii;ii iii!i:ii::!i;!ii!iiii!i_iiiiiiiiiil;!iiiiii;iii!::!iii!i;i_!iii!!ii!iilliiiiii?i::i::iiiii;ii:.iii ::_!_!::_ii!_._i::!!i!iiiiiii!:::::,i:/;iii(_2 . ).i!i;

::i:,ii_':i:,',iiiiii!ii?ii_iiiiiiiii:,iiii!i!i!;;iiiii?iiiii',ii!i!iiiii;i::i?ii!iiiii!iiiiii!i?i!iiiiiiii_,iiiiii!i!i;ii:t_iii;iiiiii:,_:::,.........................:_iiiii!;'.:,i_ii!::!;:i!iii',!iil:,!iiiliiiii+i!i!i!ii!!iiiiii_:,i;;iliiiiili:ii:,+i;id:,iii',iiii!i',iii;iliiii!i!!iiiiii!iii!_,:_,iiiii!iiiiiiiiii'_ii':iiiiii!:if!ill!ii',i':i:!:i:!!il;!i'.i!',i!;iiiiiiii!ilii!i:',:!;iii!;::ii::ii:::!!iii!iii!!ii!::ii_ii',:;:!!i::iii':ii_i_;

where:

SMFRACN = Fraction of seat-mile demand on narrow-body planes

ASMDEMD = Demand for available seat-miles, by aircraft type

DELTA = User-specified rate of passenger shifts between aircraft types
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3) Calculatecurrentseat-miles demandedby aircrafttype:

i • i,: : :i. <,::::i, : }.:}:: " ::.

4) Calculate survival rates of aircraft:

where:

SU_V_T = Survivalrote of planesof a givenvintage//,'J_7

SSURVPCT = Marginal survival rate of planes of a given vintage

IF1N7 = Index of aircraftvintage

SURVK = User-specified proportionality constant

TSO= User-specified vintage at which stock survival is 50%

where:

SMSURV = Surviving available seat-miles, by aircraft type

NPCHSE = Surviving aircraft stock, by vintage and aircrafttype

6) Calculate new aircraftpurchases:
_i_!i_i_::!::iii:!i_!_i:_!:.i:::.:/iiii!i_!iiiii!i!!i%ii::ilil/?::13!!{i_!:.!:ii:_:.:,iiiii!ii:::i!::::i_:i{::ii!:.i:.?!_iiiii!:.3!ii!:_iiiii!i!i::i::!ili::::!:/.ii!iii!!i:-!iiiiiiiii!i:_:_i::i!i:.i:::.i:.i_i::!i:i_iii!_:i_ii_::i::_i!_ii_!::_%_:_i!:_ii_:!!i_:i@/i_!i:::::_i:._ii_i_!:ii::_!!ii_:_!_::::_:/!_i!ii:::!{!i_!::i::i:::_i_i_:::.:!i_!::i:{:::::.i ::::::._:_:!:!__:::i_}:::::_iiii_ii_:::_::_i:i::_!.

::!ii:i!:i.lf:ii:!::!:!::::i!::i:i;i!:iiiii!ii!i:!i!!_ii!i!+!:i:::;i!i!!:i::ii!!:i::!!!i!:!]i!]i!ili!i::i!!!!!!:i:i!i!iiiiii!liiii:!!!ii!!ili!i!iiiiii:ii!iiii!ii!]i!:i..SMp_:_::ii!!!!ii!i!ii:;!!!!i:!li:i:::::ii::::i::!:ii:!!!:::i:::!ii+:ii!ii!!i:iiiiii!i!i,!::i!:•
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7) Adjust array of a/rcraft stocks by vintage:

.ii:_ i!_iiii Np_SSiT, i!!_iii_iNp_i_!i_i_!_i_ _ _SuR__! i i IV, NT"_2_:_60 _ ' iB_l):

8) Calculate aircraft stock across vintages:

_i ,!i_ili!il!_. i_i!_.i!!i_i_:_i_ii_iiiii:_,iil:_ _ ilNSbRv_i_i::i_i_i_i_i_i!!NP_HS__ilil_iii:i:iiii_i!iii!i_i_ii_!_:::

where:

NSURV = Number of surviving aircraft, by type

9) Calculate fraction of current year stock which is old (IVINT > 1):

where:

STKOLD -- Fraction of planes older than one year, by aircraft type

10) Calculate effect of technology improvements:

a) Calculate time effect:

where:

TIMEFX = Factor reflecting the length of time an aircraft technology improvement has been

commercially viable

/FX = Index of technology improvements (1-6)

TIMECONST = User-specified scaling consult, reflecting the importance of the passage of time

TPN = Binary variable (0,I) which tests whether current f_l price exceeds the considered

techology's trigger price

TYR_ = Binary variable which tests whether currentyear exceeds the considered technology's year
of introduction
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b) Calculate the cost effect:

where:

COSTFX = Factor reflecting the magnitude of the difference between the price of jet fuel and the

_'igger price of the considered technology

TPJFGAL = Price of jet fuel

TRIGPRICE = Price of jet fuel above which the considered technology is assumed to be commercially
viable

TPZ = Binary variable which tests whether implementation of the considered technology is

dependent on fuel price

c) Calculate the total effect:

where:

TOTALFX = Overall effect of fuel price and time on implementation of technology IFX

BASECONST = Baseline constant, used to anchor the technology penetration curve

d) Calculate the penetration of new technologies:

iii_ii_iiii!::i i_:_i!::.i!:i_:_i_:._i:..:i_!//iii!i_CHF_!:_i:_i_i:_iiit::i!_EXp:.i__i_OTALF:i_"iii::::::i::i!ii::!":i_.ii ._i217) _

where:

TECHFRAC = Fration of new aircraft purchases which incorporatea given technology

11) Calculate fractional fuel efficiency improvement for new aircraft, by type:

........._ _i_:_!_i_.i_`_._!_!i_i.._::._..._i_!i_i_i_!:i_!_:_i_i_:_i!ii_:_iii_!_:._ii:_i_*!_i_!:i.........._i._..._:iii:!_i_i(:_i:i:_,i:i..:_:_:i._::::!:i:::!_:ii_i:_::_:_._:i...............i_!.:.:_,!i::ii_i!i!ii:i............i:::..::_..........:iii...........................:...)i_:_:._::_::. : _:::_::i_:i_iiiii!ii:iii_i_:ii_i::_:

i_i:!!ii._i,i_i_ :.i!_ii::!!ii!iiii::iilii!iiii,i_!ii!.:!!!i_if!i_ii!i!illilia:,!iii_ii'iiiii::!il,_i,i'iiiiiiii!ii:_iliiii!i!iii!iii'iiii_,ii!ii:,iii_i!::iiiiiiii_ililiiiliiilii_.i!ii!iili!i!iiiiii!iiiiiiiiiiiiiiiiiiiiiii::iiiiii!iiiiiiilli_'_iliiii!_iiili_i.iiiii::::iiiiliiiiiiiii_iii_i:__::_iiiii:!iii:.i_iiii!i:,iiiiii!iiiiilli:_!iiii:::.:::_:i__ ,:,_ii_::i_,i._!!ii_iiii::,iii::!ii_ii

:::.i.i::iii::i :: ii!::ii_:i_:.:::iiiiii!ii!iiiil!!i::i::::

where:

FRACIMP = Fractional hnprovement over base year (1990) fuel efficiency, by type

EFFIMP = Fractional improvement associated with a given technology
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12) Ensure that technical improvements provide at least as much efficiency gain as average

growth in remainder of air fleet:

: ( . ::_.(li0+P,_T) I'i"MPGIT,T-1 _+,105_] ....

where:

NEWSMPG = Average seat-miles per gallon of new aircrall purchases

SMPG = Surviving fleet average seat-miles per gallon, by aircraft type

RHO = Average historic rate of growlh of fuel efficiency

13) Calculate average fuel economy of aircraft fleet, by type:

: :+:_2+,m

(1 +RHOiT):+:(SMP_;+._+ :++++:.:

14) Calculate average fuel economy of aircraft fleet:

_++i+i;i !+++ -_:_!++-:'-t_++MPm++!++]J++:_+++++++++++:;s:+:_,+:'::::++l.l: :+ ::_+'++_+
where:

SIvIPGT = Overall fleet average seat-miles per gallon

15) Calculate demand for jet fuel, incrementing by 5% to reflect consumption by private
aircraft:

+:__:_:_:_:_:_:_:_:_: +_:_:_.:_:_:::_::::_r_:_ .: :::::::::::::::::::::::::::8MPGT_:__::_+ii:_ :l,u=__:+:_::__:_::::=:_=_:_:,:_:_:_:_::::_:_....................

where:

_FGAL = Consumption of jet fuel, in gallons
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16) Calculate demand for aviation gasoline:

........ A 91 "(' : !AGD;I:=BASEAGD r+GAMMA_:, P" E R -1 79)

where:

AGD = Demand for aviation gasoline, in gallons

BASEAGD = Baseline demand for aviation gasoline

GAMMA = Baseline adjustment factor

KAPPA -- Exogenously-specified decay constant

IYEAR = Current year

17) Convert from gallons to Btu:

JF AL ,rob,)
::.... : JFBTU, = _ _: :42:_al/6bl::i: j

(B;224)

where:

JFBTU = .let fuel demand, in Btu

AGDBTU = Aviation gasoline demand, in Btu

where:

QJETR = Regional demand for jet fuel

QAGR = Regional demand for aviation gasoline

SEDSHR = Regional shares of fuel demand, from SEDS
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19) Calculate fractional changes in air travel and aircraft efficiency:
. , ..,

..

XA,RT_:_=8.DEMD ' ._.
• . r'., : :_:.! :"

• . .

, . . ..

where:

XAIR - Fractional change in air travel from base year

XAIREFF - Fractional change in aircmR fu¢l efficiency from base year
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MISCELLANEOUS TRANSPORTATION ENERGY DEMAND MODULE

MILITARY DEMAND MODEL Subroutine TMISC

Calculate military energy use:

1) Calculate growth in military budget:

where:

MILTARGR = Fractional growth of military budget

TMC_GRML87 = Military budget, from MACRO module

2) Calculate fuel demand:

where:

MFD = Demand for fuel by military

IF = Index of fuel type

•3) Regionalize demand:

..where:

QMILTR = Regional military demand for fuel

MILTRSHR = Regional shares of military demand for fuel
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MASS TRANSIT DEMAND MODEL Subroutine TMISC

Calculate mass-transit consumption:

1) Calculate passenger-miles by mode:

TMOI_.._.T- VMTE_::. TMLOAD89i,._"

.... : and:: :"::: : ....:

........ _:",(B_2sO)".

where: "

TMOD = Passenger-miles traveled, by mode

VMTEE = LDV vehicle-miles travelod, from the VMT module

TMLOAD89 = Average passengers per vehicle, by mode (I=LDV's)

BETAMS = Coefficient of proportionality, relating mass transit to LDV travel

= Index of transportationmode: l = LDV's, 2-4 = Buses, 5-7 = Rail

2) Calculate mass transit efficiencies, in Btu per passenger-mile:

where:

TMEFFL = Btu per passenger-mile, by mass transit mode

TMEFF89 = Base-year Btu per vehicle-mile, by mode

FMPG = Fuel efficiency, by vehicle type, frog,, the Freight Module

FMt_89 = Base-year fuel efficiency, by vehicle type, from the Freight Module

TYPE = Vehicle type, from the Freight Module: I = Mid-size trucks, 2 = Rail

3) Calculate fuel consumption by mode:

::: i:i:i:::!:!:i:i:::::.....:

where:

= Total mass-transit fuel consumption by mode
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4) gegionalize consumption:

:. QMODI_i.,,.,r ..TMFD,i,r ,,,q _

T.c;,.opA,:'

where

QMODR = Regional consumption of fuel by mode

TMC POPAFO = Regional population forecasts from the Macro Module

RECREATIONAL BOATING DEMAND MODEL Subroutine TMISC

Calculate recreational boat fuel use:

1) Calculate fuel demand:
:i ii::::!:iriii : ..... : ...... :_ ::::........ .........................'..........

RECFn._RECF n.i IIi:_|_O_YD_I![!!_.i i::: i_ i: : (_)

where

RECFD = National recreational boat gasoline consumption in year T

TMCYD = Total disposable personal income from the Macro Module

BETAREC = Coefficient of proportionality relating income to filel demand for boats
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LUBRICANT DEMAND MODEL Subroutine TMISC

Calculate lubricant demand:

I) Sum freight truck VMT across size classes:

where:

YFVMT = Total freight truck VMT

FVMTSC = Freight truck VMT, by size class

2) Calcula,*e total highway travel:

.il. _ . : i i:, . •

where:

HYWAY = Total highway VM'I"

FLTVMT = Total fleet vehicle VMT, from the Fleet Module

4) Regionalize lubricant demand:

:_:,!!_.:iii_:i_ iii::i!:._:_i::iii::i_:iii_iiiiii::ii_:_iiiii_ii_iii!__......

where:

QLUBR = Regional demand for lubricants in year T, in Btu

SEDSHR - Regional share of fuel consumption, from SEDS

/F = Index of fuel type: gasoline for light-duty vehicles, diesel for freight trucks
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VEHICLE EMISSIONS MODULE

VEHICLE EMISSIONS MODULE Subroutine TEMISS

This subroutine calculates the emissions of six airborne pollutants, at every conceivable level of

aggregation. A single, representative equation is provided.

1) Calculate disaggregate emissions of airborne pollutants:

i_ ii _EM'S_i. '. ' =EFACT,,.i,!I_ii *iU'.ii_T i_!i!ii i (_2AO)_

where:

EMISS = Regional emissions of a given pollutant, by mode of travel

EFACT = Emissions factor relating measures of travel to pollutant emissions

U = Measure of travel demand, by mode: units in VMT for highway travel, gallons of fuel

consumption for other modes

/_ = Index of travel mode: references individual vehicle types used in the preceding modules, and

may be furthersubdivided by size class, vehicle technology, and vehicle type

/E = Index of pollutants: I = SOx, 2 = NO_, 3 = C, 4 = COv 5 = CO, 6 = VOC

IR = Index identifying census region
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Appendix D. Model Abstract

Model Name:
TransportationSectorModel

Model Acronym:
TKAN

Description:
The Transportation Sector Mode] incorporates an integrated modular design which is based upon

economic, enginee,'iag, and demographic relationships that model transportation,sector energy

consumption at the nine Census Division level of detail. The Transportation Sector Model

comprises the following components: Light Duty Vehicles, Light Duty Fleet Vehicles, Freight

Transport (truck, rail, and marine), Aircraft, Miscellaneous Transport (military, mass transit, and

recreational boats), and Transportation Emissions. The model provides sales estimates of 2

conventional and 14 alternative-fuel light duty vehicles, and consumption estimates of 12 main
fuels.

Purpose of the Model:
As a component of the National Energy Modeling System integrated forecasting tool, the

transportation model generates mid-term forecasts of transportation sector energy consumption.

The transportation model facilitates policy analysis of energy markets, technological development,

environmental issues, and regulatory development as they impact transportation sector energy

consumption.

Most Recent Model Update:
December, 1993.

Part of Another Model?
National Energy Modeling system (HEMS).

•Model Interfaces:
Receives inputs from the Electricity Market Module, Oil and Gas Market Module, Renewable

Fuels Module, and the Macroeconomic Activity Module.
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Official Model Representative:
David Chien

Energy Information Administration

Office of Integrated Analysis and Forecasting

Energy Demand and Integration Division

Energy Demand Analysis Branch

1000 Independence Avenue, SW

EI-813, Room 2F-094

Washington, DC 20585

Telephone: (202) 586-3994

Documentation:
Model Documentation Report: Transvonatio.n Sector Model of the National Energy Modeling

System, March 1994.

Archive Media and Installation Manual(s):
The model will be archived on IBM 3380 tape compatible with the IBM 3090 mainframe system

upon completion of the NEMS production runs to generate the Annual Energy Outlook 1994.

Energy System Described:
.,

Domestic transportation sector energy consumption.

Coverage:
a Geographic: Nine Census Divisions: New England, Mid Atlantic, East North Central,

West North Central, South Atlantic, East South Central, West South Central, Mountain,

Pacific.

m Time Unit/Frequency:Annual,1990 through2010.

m Products: Motor gasoline, a_,iation gasoline, diesel/distillate, residual oil,electricity, jet

fuel, LPG, CNG, methanol, ethanol, hydrogen, lubricants.

m Economic Sectors: Forecasts are produced for personal travel, freight trucks, railroads,

domestic and international marine, aviation, mass transit, and military use.

Model Interfaces:

Model ou.tputs are provided to the Integrating Module, which then sends them back to the supply
modules.

EnergyInformationAdministration
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Model Structure:

Light-duty vehicles are classified according to the six EPA size classes for cars and light trucks.

Freight trucks are divided into light-duty, medium-duty and heavy-duty size classes. The air

transport module contains both wide- and narrow-body aircraft. Rail transportation is composed

of freight rail and three modes of personal rail travel: commuter, intercity and transit. Shipping

is divided into domestic and international categories.

Special Feautres:
The Transportation Sector Model has been created to allow the user to change various exogenous

and endogenous input levels. The range of policy issues that the transport_tion model can

evaluate are: fuel taxes and subsidies; fuel economy levels by size class; CAFE levels; vehicle

pricing policies by size class; demand for vehicle performance within size classes; fleet vehicle

sales by technology type; alternative-fuel vehicle sales shares; the Energy Policy Act; Low

Emission Vehicle Program; VMT reduction; and greenhouse gas emissions levels.

Modeling Techniques:
The modeling techniques employed in the Transportation Sector Model vary by module:

t

econometrics for passenger travel, aviation, and new vehicle market shares; exogenous

engineering and judgemen, for MPG, aircraft efficiency, and various freight characteristics; and

structural for light-duty vehicle and aircraft capital stock estimations.

Computing Environment:
= Hardware Used: IBM 3090

• Operating System: MVS

• Language/Software Used: VS FORTRAN, Ver 2.05

ss Memory Requirement: 4098 K

0s Storage Requirement: Model has not yet been archived. It will require an as-yet

undetermined number of tracks of an IBM 3380 disk pack.

• Estimated Run Time: 2 minutes for a 1990-2015 run on non-iterating NEMS
Mode on IBM 3090 mainframe

• Special Features: None.

Independent Expert Reviews Conducted:
Independent Expert Review of Transportation ..Sector Component .Design Report, June, 1992,

conducted by David L. Greene, Oak Ridge National Laboratory.
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Status of Evaluation Efforts by Sponsor:
None.

DOE Input Sources:

a State Energy Data System (SEDS), 1991, May 1993.

• Residential Transportation Energy Consumption Survey (RTECS), 1991, December 1993

a U.S. Department of Energy, office of Policy, Planning and Analysis, "Assessment of

Costs and Benefits of Flexible and Alternative Fuel Use in the U.S. Transportation

Sector", Technicsl Report Ten: Alternative Fuel Requirements, 1992.

Non.DOE Input Sources:
• National Energy Accounts

• Federal Highway Administration, Highway Statistics, 1991, 1992

a Department of Transportation Air Travel Statistics

• Air Transport Association of America, 1990 Air Travel Survey

a Oak Ridge National Laboratory, Energy Data Book: 13, March 1993.

m Oak Ridge National Laboratory, Light-Duty Vehicle MPG and Market l_epon: Model

Year 1992, February, 1992.

s Oak .Ridge National Laboratory, Fleet Vehicles in the U.S., 1992.

m Federal Aviation Administration, FAA Aviation Forecasts: Fiscal Years 1993-2004,

February 1993.

• Department of Commerce, Bureau of the Census, Truck Inventory and Use Survey, 1987.

• California Air Resources Board, Proposed Regulations for Low-Emission Vehicles and

Clean Fuels, Staff Report, August 13, 1990.

t_ Bunch, David S., Mark Bradley, Thomas F. Golob, Ryu/chi Kitamura, Gareth P.

Occhiuzzo, "Demand for Clean-Fuel Personal Vehicles in California: A Discrete-Choice

Stated Preference Survey", presented at the Conference on Transportation and Global

Climate Change: Long Run Options, Asilomar Conference Center, Pacific Grove,

California, August 26, 1991.
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Appendix E. Data Quality and Estimation

This appendix presents results of the statistical tests conducted for those componenentsof the
transportationmodel which rely on econometric estimations. These components include: The

Fuel Economy Model, the AlternativeFuel Vehicle Model, the Vehicle-Miles Traveled Model,

and the Air Travel Demand Model. To date, no data quality studies have been conducted in

orderto validitate the transportation model's input data.

Fuel Economy Model

The methodology employed to assess the influence of macroeconomic and time-dependent

variables on the mix of size classes and performance was log-linear regression analysis using
historical dataon car and light truck sales over the 1979-1990 period. Greater detail is provided

in Attachment1 of Appendix F.

The following equationswere used to estimate the class market shares of new vehicle purchases:

All Vehicle Classes Except Luxury_Cars:_

where:

CLASS$SHAREi = The market share of the is vehicle class
FUELCOST = The price of gasoline

INCOME - Per capita disposable income

1Note: Marketshares for Mini and Sub-Compactcars are solved jointly. The resultingcombinedmarket share is
allocated between the two classes based on the original 1990 allocation. Special treatmentof these two classes was made
necessary by the small sample size in the analysis data sets.

EnergyInformationAdMtnis_ra#on
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Table E-1. Regression Results From The Market Share Model

I I II I II I IIII I I II [[

Mini and Subcompact 14.359 0.891 -5.428 0.056 1.33 -0.169
(1.761) (1.828) (-1.524)

i ii

Spore 11.193 0.808 -2.475 -0.049 0.26 .0068
(-1.903) (,466) (.059)

Compact 5.533 0.76 -5.021 0.111 1.332 0.107
(2.117) (1.35) (.52)

Intermediate 3._ _.536 -1.01 -0.051 -0.213 .0.0017
(-1.742) (-.335) (-.013)

i u, i i

Lmge 16.880 0.864 -3.312 .0.119 0.042 0.231
(-4.754) (.077) (2.018)

Lnxmy 18.458 0.939 -3.1 0.126 1.166 0.169
(2.336) (2.704) (1.441)

1WmiTrack 1.378 0.341 2.268 -0.018 -3.648 .0.968
(-.168) (-1.6) (-2.027)

Compact Pi¢imp 19.183 0.916 -8.749 -0.042 .0.811 0.174
(-1.238) (-1.48) (1.247)

Ul

Compact V-,, 804.167 0.998 -9.3 0.01 0.832 0.307

.... l..... (.352) (1.727) ,,, (3.045)

Compact Uliilty 274.1 04 0.994 -7.36 -0.042 -0.2 0.366
(-1.447) (-.396) (2.933)

..,.i i.. i i i i i i

-0.056 0.252 0.144
Stmuia,t Size Tmcla 1.582 0.475 -2.779

(-1.523) (.307) (.846)
,., i.,, i , i i " i_l i i i iF|1
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Alternative Fuel Vehicle Model

The AFV model uses a multinomial nested legit approach to estimate market shares of sixteen

vehicle technologies. Model coefficients are taken from a study sponsored by the California

Energy Commission, using a stated preference survey of California residents. The applicability

of this study to a nationwide model has not been tested. Market shares are based on the

exponentiated value of the consumer utility function, represented as follows:

wher¢:
VC1 = Utilityvector forconventionaland altvrnativevehicles

CONST= Constantassociated witheach consideredtechnology/T
VPRI= Priceof each consideredtechnology in 19905

VRANGE = Vehicle rangeof the considertd technology
EMISS= Emissionslevels rvlativeto gasolineICE's

FAVAIL= Relativeavailabilityof the considereAfuel

Model coefficients and relevant T-statistics are provided in Table E-2, on the following page.

An extensive description of the data base development process is provided as an attachment in

Appendix F.
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Vehicle-Miles Traveled Model

Vehicle-miles traveled is estimated on a per capita basis using a generalized difference equation,

estimated using the Cochrane-Orcutt iterative procedure:

where:

CPM = The cost of driving a mile

YPC = Disposable personal income per capita
PrFem = The ratio of per capita female driving to per capita male driving.

The parameters mid relevant T-statistics are provided in Table E-3, below.
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Air Travel Demand Model

The following tables (E-4 - E-8) providethe dataused in the air travel demand regressions. All

data manipulation is described in the accompanying notes.

Table E-4. Fuel Consumption and Real (1982) Operating Costs
, ,, ,. , , i i ,,,,i =:,, ,,ll i i i : , ,,

:!iii  iiii!i ::['ii:iiii     i:'! !i!iii:ili:ii!ili?il; ;  iii!ii?::iiiiiiii i:i   i!iiiiiiii?i:    ilili
!ii::!iii!!ii!iiiiiiii!i;ili::i;!i(i¢i_:,':!,:iii!',i![',:,ii_':_i':',iii',i',',i',',':i',!':',',:_',iii',i',g__Niiiiiil;ii',?i?;iiii{_¢i_i;iiiiii?i_:iii?',;iil]ii?_??i?:iii??i?i?:i_::_i_ii::i_iiii_!:O_x'SM_!:

i:iii?!::?i?i?i?!!iiiii???i!??i!i???i?i!ii:il

:i':ii!iiiiiI979!iii!i:: 8,866 72 6.23 1,828 82 6.28

ilii _ ii!i 8,519 lOl 6.34 1,747 119 5.94
I IIII II I I1| II II

:i!!il_iii'i il 8,555 109 6.17 2,033 122 5.07,,., ..:,.,,.:..:+: :, ,:.:,: :...:,;,:.

..: :::.:::::::::::::::::::::::::.:.:::,:,

'i!iiiii{}i:i_!_!_i:iiiiiil}i!i!ii 8,432 97 5.85 1,968 108 4.72

iii!i}iii_!i i ii: 8,673 85 5.87 1,998 93 4.90
II i _1 |m, ..........

i}! !i_!} i!i 9,626 78 5.51 2,286 83 4.97

:ii ii_i i!i 10,115 72 5.65 2,488 76 4.79

iili i_i : 11,137 48 5.89 2,545 54 5.17
,?:_::i::i?i_i:iii_i!:i::?iiiiiii!i_!_i,

iiiiii!i_;i!iiiil;-i 11,587 47 6.00 2,894 51 5.25

!ii}i!!I_ i! i:i_i:i l 1,918 43 6.28 3,263 47 5.72

i i_il 11,905 47 6.69 3,557 50 6.02
!:i.!i:.:i:!:i!iii!#i!i?i!!i!iii!ii::i:

i {_:_ _)_: 1_:_:_ [ 12,429 58 6.60 3,963 64 6.48
II II I Ill I II

Sources:

JFD & P,IF: U.S. Department of Translmrtatioa, Research and Special Progams Administration
(RSPA), Fuel Cost A nd Consumption Table_, annual summaries, 1979-1990.

OPCS,': Non-Fuel operating costs derived from U.S..Department of Transportation, Research and
Special Programs Administration, Air Carrier Fin_c_.:i Stati_a'cs Quarterly, December 1990/1989,
and prior issues, "Total Operating Expenses", Line 28, minus Fuel Costs from RSPA fuel
consumption tables, op. cit. The result is subsequently divided by Available Seat Miles, from U.S.
Department of Transportation,Research and Specia, "-<)gramsAdminis_tion, A ir Carrier Traffic
_tatistics Monthly, December 1990/1989, and prior t_es, Lines 12, 42.
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Table E-5. Domestic Passenger Travel DemandmPreliminary Data

_i!!!_:!ii:i!!:!:i_!il ii_:iiii!!i!i:: 212,701 0.55 337,668

ili2iii!ii?i' ::i:iii:,iiii::ii!! ,ii!i;ii:204,367 0.54 350,7 6
!ii_i!i!;i!iiii:i:_i!198iiiii:ili:!i:ii:iiiii 201,435 0.52 349,824

,i, i

iii:i',!iiiiiiiii   i!',iiiiiii; 0,2
i:;::i;!:!i(i::!:i:i:i?::i::::iii:i!i::;::i:i:i:i;i:ii:ii?:iiii:;

:i!:ii!:i_iiii::ili(t983':ii:iiiiii::!::_iiiii!!!232,165 0.51 386,138
i

i.i:.i!iii;!iiiiiii!!i!_i!iiiii!i!i!iii.iiii!il 307,884 0.46 505,734
•:,:.:.:,:.;..:,...:,;;,;.:.:.:.:.::.,,::.:.:;,;,;::.:,;..

_i!ili!i!_:::i::i;!!!_ii!;i'_87i!!_i_:_;i:_i_:;iii!i: 329,214 0.48 533,169
Ill I I III I

::;::'.,::,:;,..============================================

:ii}iiii:::;?i!ili:iii_l_!_i!i_i_!ii:_i::::::if:i 334,290 0.50 544,737
.....,.,.:,,!.J.'.")L....... ''

ii!i!:!!!!ii!i::i:iiii_i_i!ii!;ii;!ili!iiiiii!i:,335,213 0.49 537,133
. ...-.....::..:..::...,,..:..,,::::.............

!!i;i,:!;::!ifill!;::iiiI_;!iii!ii!_:iiiii!ii_i 345,763 0.48 570,387........

SOUI"CCS;

(I) RPM: U.S.DepartmentofTransportation,Research and SpecialProjectsAdministration(RSPA),

Air Comer Traffic Statistics Monthly, December 1990/1989, and prior issues. Lines 9, 41.
Passenger Revenue: U.S. Department of Transportation, Research and Special Projects
Administration (RSPA), Air Canier Financial Sta_'st_cs Quarterly, December 1990/1989, and prior
issues. Lines 1, 2, 12.

(2) RUM: U.S.Department ofTransportation,Research andSpecialProjects Administration(RSPA),

Air Carrier Traffic Statistics Monthly, December 1990/1989, and prior issues, Lines 18-21, 46.
Fteight Revenue: U.S. Deparanent of Transportation,Research and Special Projects Administration
(RSPA), Air Carrier Financial Statistics Quarterly, December 1990/1989, and prior issues. Lines 6,
7,13.
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Table E-6. International Passenger Travel DemandwPreliminary Data

, i /: .... i ..... i.... i ..!ll .i .................... i....................... ,=? =. ! ....... : ..
i i |ll H i i i i

63,355 97,762 9,369 9,886 3,381
u, i,i, ,i ,i,i i , i

======================":i::i.i..i.l

ii!ii!iii!!_8:ti!!iiii!i 58,629 .... 89,013 ..9,581 }0,330 3,060

_i!i!!:ii!_82:::!:!::_:_:_I 58,803 91,637 9,485 9,837 3,100
I I IIlll ml

i::]iiiii1983!:!iii:::i 61,823 93,510 9,888 9,837 3,126
iml i i |rim , i i H i i i, i

!!.;ii::;_:i_.,i::: 73,237 I I0,578 10,696 11,791 3,424

i,:i!!!i!_i:.!iiii71,038 117,339 10,711 12,464 3,316
.__ =._, n,_ , _, _ H

r ::::::::::::::::::::.;+:::,.

:_i_'_::;!:::.1987!!i!ii:.i 88,615 137,701 12,853 13,811 3,447
II IIIIII III i li IIII

i}!i!)!i!ig_.i!.!.i.!i': 103,358 151,601 14,981 14,440 3,450

:.i!iiii_ :iii.!!i: 112,266 166,755 15,687 15,466 3,578
_.H ,, | ,,,,, , .n, H_

:::::::..,::;.,;:'.:,::::::::;

i_ilii1990)_;i):::!, 126,392 182,724 17,628 16,418 3,585:.,:.:,....;..:,:,:..,,._
J , . ,,, , ,,,, ,,,, . , ,..,, ,_ , ,

Sources:

Fr_l_on of Business Travel: Air TransportAssociation of America, A'/r
TraveiSurcey, 1990, Washinston D.C.
Iatenmtionai PuseugerDel_mUes: U.S. Department of Transportation,
Transportation Systems Center, Cambridge, MA, U.S. International Air Travel
Sm_'_tic_, annualissues, Table Id/IId.
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Table E-7. Passenger and Freight Travel Demand

ii!i!iiiiii979ii_:iii!!! 116,986 95,715 0.63 56,498 0.65 8,350

iii_i 109,336 95,031 0.58 65,103 0.65 9,136

i!_ _ 104,746 96,689 0.58 60,921 0.66 9,033
.ul ii i i m..ll ,,,

I

ii_::! ii!i 110,020 103,611 0.59 59,894 0.64 9,086

iiili_ i: 118,404 113,761 0.60 61,664 0.66 9,713
i i |iii i i i I...,,.,.,.,,...,,.,:....

:iziiiiiiii_84_.:::I! 120,329 130,357 0.58 70,599 0.68 10,766
:fit!ili:ili:!_iiiii!i!:i!:ii:_!i!:.... ,, ,

iiiiiiii!i_iiiiii! 138,918 138,918 0.61 76,986 0.66 10,515
!!!i!!i!iiiii!i!i_!i!i:!i!!ii!!!i!iLi .........

!iiiii_ :::i 141,627 166,257 0.61 76,851 0.61 12,228
.........

:iiii!i_::ii!ii 158,023 171,191 0.62 91,917 0.64 14,466
.... . ...... ii ,. m i.i. -.

ii!:_!i !:! 167,145 167,145 0.61 I01,492 0.68 16,066
,,, ,. ,.i i .li,H ,, ,

!!..._9. i!il 164,254 170,959 0.62 111,475 0.67 17,824
::i_!:iiiii:!i:!i!ili:i:!:i!i:iiii:!i!:

ii L I ' I I I . I.,, .,,I

i!!!li_!i!!iii!i165,966 179,797 0.61 122,054 0.69 17,922

International RPM associated with passengers departing the United States is inferred from available data, as follows:

1) The Department of Transportationestimates total (departuresand arrivals) international RPM for
only U.S. carriers. This estimate is divided by two to estimate the RPM associated with
international departures.

2) This figure (P-,PMfor U.S. carrier departures) is divided by the number of passengers departing on
U.S. carriers to obtain miles per departure.

3) Assuming that this quotient (miles per departure) also characterizes foreign carriers' trips, and
furtherassuming equal load factors, passenger departures of both U.S. and foreign carriers axe
added, then multiplied by the above factor to get an estimate of total international RPM.

4) Yields will be estimated using only data for U.S. carriers'international operations and will be
attributedto _breign carriers, as well.

EnergyInformationAdminis_'alion
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Table E-8. Total Yields (1982 Cents Per Passenger or Ton Mile)

i ! .........i..........iii!; i_! ........il......i__!_i i i ,!i_i_!'_!!_,:i,ii_',i!_i!i _

iii i ! i !ii [i_::!=:::';i_iiii:;'.!i!:::i;:_i':!ii:iiii;iii:_:_:!!iiiiii::!i?_i_:i!_=_: iii_:_!:_;i_ __ii..i_i_iii:_iiii_ii,_:i!!i_i;iiiiil)i!i:iiii)'iiiii::?iii):ii!iiiii!i!iiii!i!iiiiiiiii:.i;i::,:! :iiii;_ij;ii!i:,!iiii!ili;ii_i:i!_i_.i_:ii:_!:.i_iiiiii

!i!!!i!i',_::,,'_i_ii_i:i;:=i_!i!ii!!i:i_::!Y'?i?iii?iiiG!i_i?i?ili!i!iii?_:,?ili!ii!::!__iiii?!i!?_::_;i_!_:,_?_,:::___1:!?i;ii!?!_??i_!_j,_i_i_i_i_i?i_:;_.??_???!?iN_:_i)i:;_i?_!!?_i!:.:):::l,?i?ii:!:;:':(::i!:!:)N_:;:ii!!:;:il;ii?i:!:_:
.'.'.'.'.. ..... II I I I III I III II ]

iill ii?i_ i! ii:? ii 11.32 11.32 9.53 43.23
i i i iiiiiii i

:iii_;:_ilii_!_:i_._:si:i!_:ii!i!::i!i_i_i)13.29 13.29 9.18 41.76

!!ii iiiiiii_iii :_ ii 13.47 13.47 8.72 39.64
I iI __ i i i i

i:i!!;!!i.} _} i:;:!!: 11.91 11.91 8.43 35.90
.:,:,: ; .:." ::::::::::::::::::::::::::::::::::::::: :, ::',: : :. :::::.:

i i i iiii. i |

}:_iii} ]i_!)!!?} :i ii:}iii 11.64 I1.64 8.20 31.84
imm||l

ii ; i _!_iiiiiiii :. ii i 10.82 10.82 7.94 31.82

i}! i i _ i i}' 9.66 9.66 8.11 47.97
iii i • imllll i i ii

iii _! !i !ii 9.70 9.70 8.05 45.45

i!}::i !i i ii_iiiiiiiiiiiiiiiii lO.il lO.11 8.26 46.38 '
..,.,,.. ,...... ,.. ,.:-:, ,..:, .,.:..:.>:.;,>:.:.:.: :::::::::::::::::::::::

i i i ii i iiiii i ii i

iliili i! !ii_ii!il ! !i 10.31 10.31...... 7.89 , 39.52

iiii ii!!?i_iiill i!!iiiiil 10.!8 10.18 8.09 33.86

L_rces"

(1) RPM: U.S. Department of Transportation, Research and Special Projects Administration (RSPA),
Air Cartier Traffic Staa'stic_ Monthly, December 1990/1989, and prior issues. Lines 9, 41.
Passenger Revenue: U.S. Department of Transportation, Research and Special Projects
Administration (RSPA), Air Carner Financial Statistics Quarterly, December 1990/1989, and prior
issues. Lines 1, 2, 12.

(2) RTM: U.S. Department of Transportation, Research and Special Projects Administration (RSPA),
Air Cartier Traffic Statistics Monthly, December 1990/1989, and prior issues. Lines 18-21, 46.
l_ight Revenue: U.S. Department of Transportation, Research and Special Projects Admirdstration
(RSPA), Air Carrier Financial Statistics Quarterly, December 1990/1989, and prior issues. Lines 6,
7, 13.
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Parameter EsfJmatYonDetails

The equations used to forecast air travel demand are presented below, along with relevant
statistical information.

1. Calculate the cost per mile of air travel (the following equation correspondsto Equation 103
in Volume I):

•....::: :i_I. :_:::-_!i:!_:_

where:

YIELD = Cost of air travel, expressed in cents per RPM

PIF = Price of jet fuel, in dollars per million Btu

OPCST = Non-fuel operating costs, in dollars per available seat-mile

2. Calculate annual the revenue passenger miles for business travel (the following equation

correspondsto Equation 104 in Volume I):

:i_i::ii!i:!ilii;ii_:!i:i__i!!_:;:iiiii:,i!ii_!_!:ii:iii!i::_iii_i:::,:!ii!i::ili: i::::i;!i::TM_p:.... AF,O:i!!!:,!_i::iii::::ii:::/:!::::!:!::ii::::.ii!::_i::::;::ii_i:ii:!:iiii:,:::,:i:i:::_ii_:,::_:i::ii:.:::_:i::

where:

RPMBPC = Revenue passenger miles for business travel

TMC GDP - Gross domestic product, in 1987 dollars.

TMC_POPAFO = U.S. population

EnergyInk)rmationAdministration
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•31 Calculatethe revenue passengermiles for personal travel(the following equationcorresponds
to Equation 105 in Volume I):

i i i; i;i I_PMPPC=-125.8 + ....TMC_POPAFOi-I;12,$0Y!E LD ...... ....

• • ....11_!ii!i_zi_i_̧i_i_ i_i!_i_i!,_!Ii_!:ii!iiii_!_iiii!ii_i!i;!iiii__I/i ¸¸ • • i _Ļi _i* / i; /I ii _......

where:

TMC_ODP = Gross domestic product, in 1987 dollars.

TMC_YD = Per capita disposable personal income, in 1987 dollars.

TMC_POPAFO = U.S. population

PCTII_ = Proportionality factor relating international to domestic travel levels

4. Calculatethe revenue ton-miles of air freight (the following equationcorrespondsto Equation
107 in Volume I):

where:

RTM = Revenue ton-miles of _reight

TMC_EXDN87 = Value of merchandise _xporl_, in 1987 dollars

TMC GDP = Gross domestic product, in 1987 dollars.

DFRT = Fraction of freight ton-miles transported by dedicated carriers

EnergyInformationAdminisl_ltion
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Appendix F. Attachments to the Transportation Model

The attachments contained within this appendix provide additional details about the model

development and estimation process which do not easily lend themselves to incorporation in the

main body of the model documentation report. The information provided in these attachments

is not integral to the understanding of the model's operation, but provides the reader with to

opportunity to gain a deeper understanding of some of the model's underlying assumptions.

There will be a slight degree of replication of materials found elsewhere in the documentation,

made unavoidable by the dictates of internal consistency. Each attachment is associated with a

specific component of the transportation model; the presentation follows the same sequence of

modules employed in Volume I.

The following attachments are contained in Appendix F:

Attachment 1: Fuel Economy Model (FEM): Provides a discussion of the FEM vehicle demand

and performance by size class models.

Attachment 2: Alternative Fuel Vehicle (AFV) Model: Describes data input sources and

extrapolation methodologies.

Attachment 3: Light-Duty Vehicle (LDV) Stock Model: Discusses the fuel economy gap

estimation methodology.

Attachment 4: Vehicle-Miles Traveled (VMT) Model: Presents the development of the updated

VMT forecasting methodology.

Attachment 5: Air Travel Demand Model: Presents the derivation of the demographic index,

used to modify estimates of personal travel demand.

Attachment 6: Airborne Emissions Model: Describes the derivation of emissions factors used

to associate transportation measures to levels of airborne emissions of several pollutants.
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Attachment 1: Fuel Economy Model

Demand Models for Vehicle Size Class Mix

and Performance by Size Class

INTRODUCTION

Estimates of the future mix of vehicle classes sold and the performance level by size class
requires a detailed econome.n'ic demand model of vehicle choice by size class and vehicle

performance within size class. There are a few publicly available models that forecast vehicle

demand by size class, but those models have proved inaccurate in the past, and do not use a class

structure that is compatible with the one used in the FEM. Demand for performance has not been

assessed to date in any publicly available study. Both the size mix and performance levels are

difficult to estimate because the car purchase decision is complex and consumer choice depends

not only on the macroeconomic conditions but also on the attributes of individual products in the

marketplace. Some of these attributes are based on the styling of the car, its perceived quality,

the manufacturer's image and the status conveyed by owning a specific model, and cannot be

easily quantified. Although these variables affect choice of individual models, they can also

affect the choice of vehicle sizes or performance levels. For example, many consumers appeared

to willing to buy a Japanese car for its quality and reliability even if it's size was smaller than

the size actuallydesired by consumers. There have also been changes in consumer performance

that may be linked to demographic variables, e.g., older consumers prefer larger cars.

These factors have made the automotive market notoriously difficult to forecast. The models

incorporated in the FEM do no_._trepresent an attempt to provide a comprehensive forecast of

future shifts in size class mix or performance levels by size class in response to the potentially
large range of influencing or causal variables. Rather,the models attempt to capture the response

to broad macroeconomic forces or behavioral (time) trends based on the experience of the las_E

15 years. It is recognized that these models are relatively simplistic, and it is anticipated that
future versions of the FEM will incorporate more advanced models.
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METHODOLOGY

The methodology employed to assess the influence of macroeconomic and time dependent

variables on the mix of size classes and performance was by regression analysis of historical data.

EEA has compiled a very large data base on car and light truck sales over the 1979-1990 period.

These data are based on the official CAFE files from EPA, augmented by the addition of vehicle

and engine descriptor variables. All of the vehicles were classified by market class according

to the scheme utilized in the FEM. Vehicle performance levels were measured by the horsepower

to weight ratio (HPAVT) that is well correlated to objective measures such as the 0 to 60 mph

acceleration time. Detailed weight data was unavailable for light trucks, and horsepower alone

was used as a surrogate for performance. (Fortunately, truck weight within market class did not

change significantly in the 12 year period analyzed).

The models for size class mix and performance utilized the same set of independent variables

• Disposable income per capita (in 1990 dollars)

• Price of gasoline (1990 dollars)

• Vehicle price average by class

• Vehicle fuel economy

• Rate of change of gas price over two years

• Cost of driving per mile

• Number of nameplates (models) in a class

The last variable is really a composite of fuel cost/fuel economy and not a new independent
variable.

Performance was defined as the average I-IP/WT ratio by class for cars, and the average I-IP by
class for trucks. Market share was defined as the sales fraction of the class relative to entire ear

and light truck market. This definition was chosen to incorporate the effects of consumers

switching from cars to light trucks.

In general, the models were linear regressions of the logarithm of all variables, so that the co-

efficients represented "elasticity" estimates. However, the market share model was modified to

utilize the variable (m/I-m) as the independent variable in the regression, for two reasons. First,
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the elasticity of market share appears to be dependent on how large a share of the market a size

class has. This reflects the fact that at very low market shares, buyers of a particular class are

reduced to the diehard consumers who are less likely to switch due to macroeconomic forces, and

the market is inelastic. Second the log(m/l=m) form converts a 0 to I variable to one that spans

the =infinity to +infinity range. As a result of this variable change the model cannot be driven

to m=l for any input set, so that no one market class takes over the entire market for any

combination of inputs. Such a variable form has been utilized in prior analysis by Wheaten

Econometric Forecasting Associates (WEFA).

RESULTS

A stepwise linear regression of performance by market class and of class market share was

performed to aid in the selection of independent variables with the greatest statistical significance

In addition, the co-efficients were required to be

• directionally consistent with intuitive expectations

consistent in absolute magnitude across market classes that are similar

For the market share regressions, the variables that were statistically significant included: model

year (time), price of gasoline, disposable income, number of nameplates (in some classes). In

particular, number of nameplates was significant in those classes where only one or two makes

existed in the early 1980's but new makes were introduced in the mid-to-late 1980's; compact

vans are a good example of this phenomenon.

Table F-I shows the results of the regressions of (m/l-mi) against the variables MDLY (model

year), LPGAS (price of gasoline), LYD (per capita disposable income), and LNPLT (number of

nameplates). The following conclusions are appropriate:

• Subcompact and minicompact market share benefits from a time trend towards
smaller cars. Market share increases with increasing gasoline prices (1.33 co-
efficient) but decreases with increasing income.

• Sports cars market share appears to be declining with time but is insensitive to
price of gasoline or income.

• Compact car market share increase with time and increasing price of gasoline, but
is insensitive to income trends.
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Table F-1. Regression Results From LDV Market Share Model
i i mnl i _1 ii , " ,--

:: FVal R2 lute_ept MDLY IJ_;AS LYD LN]PLT
ml _ i ,' ii

::i_utmNI Subcompkt 14.359 0.891 -5.428 0.056 1.33 -O.169 1.136
(1.761) (1.828) (-1.524) (2.288)

i i, i

11.193 0.808 -2.475 -0.049 0.26 .0(O8
(-1.903) (.466) (.059)

.% I ,, . ., • • III i it i

i!_ i i!ilii i:il :_i !: 5.533 0.76 -5.021 0.111 1.332 0.107 0.383(2.117) (1.35) (.52) (.825)
i [ |11 i | iii ii

3.084 0.536 -1.01 -0.051 -0.213 -0.0017

..... _ ......... i ii i
...........::....:.,... ,. :. :.. : .... .., :......:... : ; : .:,.

!i_i:ii ! ii ]il i i ;i 16.880 0.864 -3.312 -0.119 0.042 0.231
_!::!::i:":!:i::i::i::::iii:!:]!: !iii:i!i!:i!ii:i::i::.::.::, (-4.754) (.077) (2.018)

..... . . .

!!i__i_........=._:: :.i!:i:: 0.126 1.166 0.169 -0.43518.458 0.939 -3.1
(2.336) (2.704) (1.441) (-.699)

i i i i

1.378 0.341 2.268 -0.018 -3.648 -0.968
::i:.ii:ii::!!:.:•::i_:::i:ii:::.:::::!::. ::i:!i !::. (-. 168) (- 1.6) (-2,027)

im i

19.183 0,916 -8.749 .0.042 .0.811 0.174 1.91
(-1.238) (-i.48) (1,247) (5.122)

i i |1

::::i_A--'_"i:Vi::""----t,-,- : 804,167 0.998 -9.3 0.01 0,832 0,307 1.466
::...:._: :.:....... (.352) (1.727) (3.045) (16.421)

ii , i ,,

__iU_tyL : : 274.104 0.994 -7.36 .0.042 .0.2 0.366 0.763
5:1 !:.:_. ::.::::: (-1.447) (-.396) (2.933) (8.474)
:":i:. .,..:!.:i.'i::.:.::...'.:.: , :'" ..,.:.. .... :. , ,, j i

i::_ii_i_i::i:i ::": 1.582 0,475 -2.779 -0.056 0.252 0.144

i ,J ] T

• Intermediate car market share is decreasing with time but is largely insensitive to

either the price of gasoline or income.

• Large car market share decreases with time, but increases with income.

• Luxury car market share increases with time, income and the price of gasoline.

• Minitruck market share is very sensitive to the price of gasoline, and decreases

with increasing gasoline prices and income.

• Compact trucks and utilities market share are negatively influenced by time trends

and price of gas, but positively by income.

• Compact vans have a unique trend relative to all trucks in showing increasing

market share with increasing gasoline prices. It is also positively influenced by

increasing income.

• Full size trucks (pickup, van and utility) show relatively stable market shares, with
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a modestly declining time trend. Only utility vehicles' market share appear to be

sensitive to income, while market shares of all full size trucks are insensitive to

the price of gasoline.

Some of these trends initially appear to be counterintuitive, but one must consider the impact of

a particular variable on sales of the class as well as the total fleet sales. For example, while sales

of luxury cars decreases with increasing gasoline prices, the market share increases since sales

of all other cars decline by a greater amount for the same change in the price of gasoline. Sales

of minitrucks and compact pickup and utility vehicles, most of which are used for personal

transportation or recreation, are also more strongly affected by incre_asing price of gasoline, and

their market share drops. On the other hand, standard size vehicles are used more commonly in

the light commercial sector or for hauling rather than personal transportation and their market

shares are relatively stable in response to gasoline prices.

It should be noted that the co-efficients in Table F-1 are not elasticities as the dependent variable

is m-/1-mi, not mi alone. In general, the values of mi range from 0.05 to 0.20. The correct

"elasticity" co-efficient is the actual co=efficient times 1-mi/2, so that multiplying the co=efficients

in Table F-I by 0.4 ~ 0.475 will provide an estimate of elasticity.

The perforv _nce model utilized a similar procedure, but _e dependent variable was average

I-IP/WT (c tip for trucks) by class. The most significant variables were found to be LFC (fuel

consumpuon), personal income (LYD) and price of gas (LPGAS) in most cases. In some cases,

cost per mile (LCPM) provided a better regression when substituted for LFC and LPGAS. The

results of the regression are shown in Table F-2. In general, the regressions yield the elasticities

presented in Table F-3.

The results indicate that virtually all classes respond similarly to the cost of driving, although for

small cars (mini-, sub-, and compact cars) an equivalent result was obtained for fuel economy

rather than cost per mile. Performance demand is more sensitive to disposable income, with the

large trucks showing very high sensitivity. This particular finding is suspect and may be due to

the fact that significant engine improvements in the late 1980's (which increased rated HP)

occurred in the same time frame when incomes were rising.
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Table F-2. Regression Results From LDV Performance Model

• i":: .... ' ' " i ' ' ' , " ! ' "
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,, ..
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Table F-3" LDV Performance Model Elasticities

in| l|

_:_i_iiiii_iii.i:i!!i::i:.>!ii:!:ii _::_i::,:::!::;i' -0.23 ~ ,,.0.30 +1 to +1.7 N.S. -
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i
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N.S. - Not Specified
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VALUE OF PERFORMANCE AND FUEL ECONOMY ADJUSTMENT

The value of performance is defined as the dollar amount that consumers are willing to pay for

horsepower. This value was estimated from the actual list price for the vehicles in t','e1988-1990

period and was based on the engine option prices. This method assumes that the manufacturers

are pricing horsepower at levels that consumers are willing to pay. Most domestic models offer

an optional engine with higher HP, while several import models offer optional turbocharged

engines or 4-valve engine versions. In each case the cost of the engine option alone was

identified from manufacturer price lists for 1989/1990 models (very often, the eng'ine option is

available with other features such as performance tires, aerodynamic devices etc. so that the

vehicle price is higher than the cost of the engine option). Based on the prices of engine options,

the following averages are applicable for all cars except sports and luxury cars:

Table F-4. LDV Performance and Pr/ce Options
ill" i ,, ii ,i _

!_i0¢eon,:: _ ,m, c.,in1"/.) _ce ]L_ri,:e/*/.m,
m i,i ,,. i

!;i:_Vidv.: Vs.:2'Vslve_ 30 to 35 $400 to 500 13.30 to 16.66
' i ' i 'Ul "i . : ' r I+ . i " i I I I '' ' I

':V;6 vs,.:I-4..: . " 25 to 30 S300 to 400 12 to 16

30 to 35 $400 to 500 13.30 to 16.66
i i | ,, i

ii_ ,L NStilAlqpirllmd :: • 45 tO 60 $650 to 850 14.44 to 18.88
.=., i =, i '', , , " - s , ,,

Based on these data, an approximate average value of performance is $15 per percent increase

in HP. Most sports and several luxury cars charge prices that are 15 to 25 percent higher than

the values quoted above (although some very high priced luxury cars such as Mercedes, Porsche,
I

and BMW charge more than twice the values quoted above). Accordingly, the value of

performance for these classes has been set to $18 per percent increase in HP.

Increasing performance also decreases fuel economy and this relationship is derived from a

regression analysis of fuel economy data that provides the sensitivity of fuel economy to factors

that increase performance. In general, performance can be increased by four methods:

• by increasing the axle ratio

• by installing a larger engine With the same number of cylinders

• by installing a larger engine with more cylinders

• by utilizing 4-valve heads or turbocharging
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The first method is suitable only for small changes in performance (less than 10 percent). The

second method is useful for changes in the range of 10 to 25 percent. The use of engines with

more cylinders can result in HP gains of 30 to 60 percent (4 cylinder to 6 cylinder, or 6 cylinder

to 8 cylinder). 4-valve engines generally provide HP gains of 20 to 25 percent relative to a 2-

valve engine of equal displacement, while turbocharging can provide an HI) increase of 40 to 45

percent relative to a naturally aspirated engine of equal displacement. These technologies can

be combined with displacement increases or decreases to achieve any desired result.

Based on engineering and regression analysis (see Appendix G, Supplemen_ 1), the fuel economy

sensitivity for axles ratio changes is -0.22 (i.e., a 10 percent axle ratio increase decreases fuel

economy by 2.2 percent). The fuel economy sensitivity for displacement changes without

changing the number of cylinders is -0.35 (i.e. a 25 percent change in displacement decreases fuel

economy by nine percent, including the effect of increased engine weight). Substituting a V-6

for a 4-cylinder or a V-8 for a V-$ significantly increases the vehicle weight, and a fifty percent

HP increase decreases fuel economy by about 25 percent.

A non-linear equation that captures these effects is given by

AFE :-0.22AHP -0.56 AHP=; AHP> 0 (1)
=-0.22 AHP + 0.56AHP2 ; AHP< 0

where both AHP and AFE are expressed as percent changes. The equation is valid for AHP

values between 0 and 60 percent.
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Attachment 2: Alternative Fuel Vehicle Model

Data Input Sources and Extrapolation Methodology

INTRODUCTION

This Attachment documents the AFV database used ;a the National Energy Modeling System

Transportation Sector Model. The database includes the present values and forecast

methodologies of six attributes for three classes of light-duty vehicles. These attributes apply to

sixteen vehicle-technology types and three scenarios for nine regions of the United States.

DEFINITIONS

The vehicle classes are:

1. Small light-duty

2. Medium light-duty

3. Large light-duty

The attributes are:

1. Purchase price (19905, including the NPV of periodic battery and fuel cell

replacements)

2. Fuel Operating Cost (19905/MMBtu)

3. Fuel Availability (Fraction of stations)

4. Vehicle Efficiency (Miles/MMBtu)

5. Emissions (impact-weighted index to gasoline in each year)

6. Vehicle Range (miles between refueling)

The vehicle-technology types are:

1. Gasoline

2. Methanol Flex

3. Methanol Neat

4. Ethanol Flex
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5. Ethanol Neat

6. CNG

7. LPG

8. Electric

9. Electric Hybrid- Large ICE

10. Electric Hybrid- Small ICE

11. Electric Hybrid Gas Turbine

12. Gas Turbine Gasoline

13. Gas Turbine CNG

14. Fuel Cell Methanol

15. Fuel Cell Hydrogen

16. Diesel

OTHER TECHNOLOGIES

There are two limitations in the database in terms of other technologies. The technologies that

could have been included in the database but were not are:

• hydrogen i.c.e.-- near-conventional engines that burn hydrogen as opposed to

electrochemical generation of power in fuel cells (as was considered in the

database). Hydrogen-burning engines have been manufactured for some time and

outperform gasoline engines in terms of emissions. As with fuel cells, their main

drawback is fuel price, as tremendous amounts of energy are needed for the

production of hydrogen from water.

• hydrogen-CNG mix (hythane)-- also burned in i.c.e.'s and already in use. Offers

great advantages in terms of emissions at a more reasonable price than pure

hydrogen.

The technologies in the database that are misspecified are:

• Fuel cells/hydrogen & methanol-- at this early stage of development it would be

more practical to consider these two as one technology. Each rely on essentially

the same power train and electrochemical energy conversion technology, the only

difference being the way the fuel is stored. Hydrogen is extremely unwieldy due

to its low mass, which means that to fit in a fuel tank of manageable size it must
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be liquified or bonded to other substances. Methanol, with its high hydrogen

content, falls within the latter category as the hydrogen in it is the only participant
in the electrochemical conversion.

APPROACH

The approach to the database development is as follows:

1. Identify data sources in the open literature and through industry contacts.

2. Obtain the data and organize it for use in the database.

3. Define and design the database to characterize the data usefully.

FORECASTING METHOD i

The data base is provided in a spreadsheet format. The basic forecasting method is to identify

current values for fuel prices, vehicle prices, fuel availability, etc. and one or more forecast

values. The current data are entered in the 1990 column of cells for each attribute and

extrapolated exponentially to and through the other data points. (In some cases, the 1990 values

are assigned so that the curve fit through the 1992 values is based on 1992 actual data.) Each

of the eight sections for vehicle attributes contains a detailed log of relationships and data
SOurces.

I

' DATABASE LIMITATIONS

Three main types of limitations apply to the database and to its usage within a transportation

choice model. They are discussed below.

GENERAL DATA AND MODELING ISSUES

• Model and data do not distinguish..fleet and non-fleet users. Fleet criteria include

the availability of a central station, set and known use patterns, large cargo

requirements (taxi, delivery, etc.), longer permissible refueling times, and limited
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luxury features. Non-fleet users need public stations, much longer range, luggage

space, luxury features, better performance, and higher reliability. These markets

are on different legislative paths and ATF adoption schedules. They cannot be

mixed and cannot be modeled using the Bunch approach.

• Model and datado not recognize non-economic forces currently distorting markets.

In 1991, SAIC contacted the owners of every CNG vehicle refueling station in the

country. We found that the number and use of CNG vehicles is exaggerated by

about 200% and that current usage patterns and interests by non-utility users are

biased by artificially low-cost CNG (e.g., no compression costs). Moreover, many

of the public refueling stations have very limited refueling capability. These

stations are operated mostly as demonstrations rather than as commercial stations.

A similar deficiency exists at the LPG outlets, most of which are not equipped to

refuel vehicles. The Bunch approach, which is geared to open-market, non-fleet

purchase decisions, requires an accurate and economic (i.e., non-interventionist)

baseline tied specifically to private vehicles. This baseline does not exist.

* Model specifies six decision variables cited in Bunch. SAIC work.suggests that

actual technology choice depends on additional variable.s. The following variables

omitted from the model significantly affect consumer choice: reliability,

maintenance cost, certainty of maintenance availability, salvage or resale value,

performance, utility (trunk space in CNG vehicles, A/C in electric vehicles, etc.),

safety issues (real or perceived), ease of refueling, and refueling time. A few of

these omitted variables appear in other work by the Transportation Modeling

committee but were not requested of SAIC. The omission of these variables is

highly significant when large differences exist but are not well-understood by

survey participants (e.g., 5-minute refueling for gasoline vs. S-hour refueling for

electric).

MACROECONOMIC ISSUES

The database model is generally optimistic about the current rate of technological progress and

innovation and assumes it will continue to grow progressively faster. Limitations in the database

suggest that these forecasts may be overly optimistic in a macroeconomic sense.

. Diversion of Resources- the diversion of government and private sector

resourcestoward alternative investmentsis not considered,i.e., large sumscould
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go into infrastructureand mass transportationsystems thatare more efficient than

any passenger vehicle alternative.

• InstitutionalBarriers-- the created interests of significant economic or political
actors,or groupsof actors,could overridemarketconsiderationsfor thebenefit or

detrimentof any alternativetechnology or fuel.

• EnvironmentalBarriersm one or more AFVs may receive significant opposition

or backingpurely for its environmentalimpact; moreover,public opinion as well

as the environmentalmovement'spreferencesmay shift in the near future,i.e., the
environmental movement currentlysupports methanol-fueled vehicles, but that

could changeif a cleanerway to producehydrogenfor hydrogen-burningvehicles
was found.

• Psychological Barriers-- acceptance by the public is also a function of

misperceptions and psychological factors, e.g., CNG, LNG, LPG and hydrogen
may be perceived as dangerous to handle and thus avoided even if their safety
recordsare objectively similar to that of gasoline.

• Info.rmationB_ers m accuratedatado not exist for most of the exotic vehicle-

fuel combinations (fuel cells, hybrid electric, etc.). Also cost and performance
estimatesfor manyof the emergingalternatives,especially electricvehicles, differ

by a factorof 2-10 from source to source. In many cases, there is no clear basis
for distinguishingamong such inconsistencies.

DESCRIPTION OF VEHICLE TECHNOLOGIES

The AFV module currentlyanalyzes 15 alternative-fueltechnologies againstasingle conventional

gasoline powered vehicleI in the spreadsheet _,alysis. Additional conventional and non-
conventional technologies can be added to the analysis; however, for simplicity, conventional

technologies are representedas a single category. This section of the report describes the
characteristicsof the alternative-fueltechnologies as well as the criteria used in selection of

alternativefuel-vehicle types.

t This study assumes all gasoline powered internal combustion engines under a single technology category even though them
is significant variation within gasoline fueled engines.
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Four primary technology selection criteria are employed for this study. The four criteria are the

following:

• Vehicle operates utilizing a non-gasoline fuel or a significantly new engine technology.

• Technology holds the potential to penetrate the light-duty vehicle market by the year
2030.

• Technology possesses distinct fuel use, performance and/or cost characteristics relative

to all other technologies considered.

• Data is available on important attributes for the vehicle technology.

Variations within each technology class based on vehicle subclass are not being analyzed as a

distinct category but are incorporated into the collective category for the technology 2. Future

work in estimating market share growth for alternative-fuel technology may breakdown

technology classes by engine and combustion technology; however, the complexity of such an

analysis is unwarranted at the present time.

This study has identified 15 alternative-fuel technologies which have met the four criteria

previously stated. Conventional gasoline technology has been grouped into one single category

using average vehicle attributes taken across all conventional vehicles. Following is a list of the

sixteen vehicle technologies incorporated in this study. The advantages and disadvantages of

each of the individual technologies will be briefly described in the following sections.

Gasoline Internal Combustion Engine Vehicles

Presently, the vast majorityof transportation vehicles utilize an internal combustion engine (ICE)

which was first patented in 1876 by Nikolaus Otto. The ICE is a heat driven engine which

operates by mixing air and fuel vapor together, compressing the fuel mix in a cylinder, and

igniting the fuel mix by means of an electric spark. The ignited fuel mix pushes a piston which

in turn drives the vehicle 3. Since the invention of the internal combustion engine the primary

power source has been gasoline, although, many other fuels such as alcohols, natural gas and

diesel can be utilized. It is speculated that if the discoveries of enormous petroleum deposits in

Texas had not occurred during the early development years, the automobile would have

developed as an alcohol vehicle rather than gasoline.

2 Significant variations exist in the gasoline powered technology such as fuel injected engines versus carburetin8 engines;
however, for simplicity all technologies utilizing a single fuel mix will be categorized together.

3 Glasstone, S., Energy Deskbook, Van Nostrand Reinhold Company, New York, 1983, pp. 364-368.
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One of the primary advantages of conventional ICE vehicles is that economically these vehicles

are inexpensive to operate due to the large development and refining infrastructure established

for peiToleum products. An abundance of petroleum deposits occur throughout the world and

trailsportation of petroleum is not difficult in comparison to methanol and natural gas.

The conventional gasoline ICE vehicles are more harmful to the environment than the majority

of alternative-fuel vehicles. Environmental concerns is one of the leading incentives for the

development of alternative-fuel vehicles due to the problems associated with greenhouse gasses

and urban ozone formation problems.

Diesel Vehicles

The diesel engine, like the gasoline engine, is an internal combustion engine which is heat driven

from the ignition of diesel fuel in the cylinder which in turn drives the pistons. Unlike the

gasoline ICE, a spark plug is not used to ignite the fuel mix but rather the combination of the

compression and heat of the cylinder causes ignition of the fuel mix.

Efimaol Vehicles

Ethanol is a fuel which is currently being used to supply ethanol powered vehicles in a ratio of

approximately 85 percent ethanol to 15 percent gasoline as well as a gasoline supply extender

for conventional gasoline powered engines in a ratio of approximately 5 percent ethanol and 95

percent gasoline. This study is considering only ethanol vehicles (vehicles using the 85/15

percent mix) as a category separate from conventional vehicles. Two technology categories exist

under the ethanol fuel heading. Ethanol Neat Vehicles which use only ethanol fuel and Ethanol

Flex Vehicles which have the ability to switch between gasoline and ethanol fuels.

Ethanol can be produced from food sources such as corn and sugar cane or from non-food

biomass such as trees, grass, waste paper, and cardboard. Presently, approximately 95 percent

of ethanol fuel being produced in the United States comes from corn. Neat ethanol engines are

expected to produce a 30 percent increase in efficiency over conventional gasoline engines;

however, ethanol fuel has a lower energy content of only 67 percent of gasoline. A variation in

cost estimates for ethanol fuel production exist depending on the source material and the

distillation process. The EPA estimates that the "gasoline equivalent" ethanol price using corn

Nalional EnergyModelingSystem

TranspmlalionMoclqdDemand SectorDocumentationReport F-16



stock is between $1.47 and $2.07 per gallon4.

Ethanol fuel provides several important environmental benefits over gasoline in both the

consumption and production stages. Ethanol is produced from a renewable energy source such

as corn or sugar cane, where as petroleum is a non-renewable energy source which could be

depleted in the future. Ethanol fueled vehicles emit a lower amount of carbon dioxide, nitrogen

oxide and hydrocarbons than gasoline5. The Environmental Protection Agency estimates that

carbon dioxide emissions, the major component of "greenhouse gases", are reduced to zero using

ethanol produced frem corn or sugar cane when considering the carbon reabsorption factor of

corn during the growing stage_.

Methanol Vehicles

Methanol fuel is similar in some respects to ethanol since it also is used as a gasoline extender

in conventional gasoline engines and as a fuel in methanol engines. Presentlymethanol is mixed
with gasoline in an 85 percent methanol/15 percent gasoline (M85) ratio and is consumed in a

methanol engine. Two technologies exist for this analysis underthe methanol heading; Methanol

Neat which operates on M85 and Methanol Flex which has the ability to switch between M85
and gasoline depending on economic and availability factors.

Currentlynaturalgas is the primarysource of methanol although other materials such as coal,

biomass and cellulose can be used. Methanol allows countries with excess natural gas supplies

to export fuel without the expense of pipelines and LNG process. It is estimated that the

wholesale price of methanol produced from natural gas is approximately $.40/gallon. However,

because methanol has only about one half of the energy per gallon of gasoline, the cost per
gasoline equivalent gallon is estimated at $.757.

Environmentaladvantages of methanol fueled vehicles arereductions in ozone formation,volatile

' Environmental Protection Asency, Analysis of the Economic andEnvlronmental Effects of Ethanol as an Automobile Fuel,
April, 1990, pp. 15-22.

s The Gas Research Institute, The Energy Information Administration, and Science Applications International Corporation,
ldenlPfication and Analysis of Factors Affecting the Adoption of Alternative Transportation Fuels, 1991, pp. 20-21.

6 Environmental Protection Agency, A nalys_s of the Economic andEnvimnmentai Effects of Ethanol as an Automobtle Fuel,
April, 1990, pp. 49-50.

7 The Gas Research Institute, The Energy Information Administration, and Science Applications International Corporation,
Identification and A natysis of Factors Affecting the A doption of A Itemattve Tnmsportation Fuels, 1991, p. 28.

..
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organic compounds (VOC) and "greenhousegas" emissions8. Ozone formation is a significant

problem in urbanareaslinked to the emission of gasoline vehicles. Methanolemissions produce
a lower photochemical reactivitythan gasoline emissions; therefore, reducing the urbanozone

formationproblem. It is estimatedthatmethanol vehicles emit 80 percent less VOC emissions

thangasoline vehicles. Methanolvehicles emit increasedvolumes of form_dehyde and methanol

gas which can be harmfulin concentratedamounts. Furtherresearchis be;,ngconductedon the

health risks associated with methanol and formaldehyde emissions.

ElecUic Vehicles

Extensive alternative fuel vehicle research is now being done to improve electric vehicle

performance. The primaryobstacle of electric car development is batterytechnology. Various
automobile manufacturers and research groups are concentrating on improving battery

capabilities; however, at the presenttime battery technology limits electric vehicle range and
performanceattributes. For this reason electric vehicle motorshave been combined with other

conventional and non-conventional technologies in order to enhance vehicle performance.

Technologies combined with electric motors include the internal combustion engine and gas

turbineengine. This study will consider four technologies under the electric vehicle heading;

electric,electrichybrid,electrichybrid/smallICE,andelectrichybrid/gasturbine.

The primary advantage of electric-powered vehicles is that they produce virtually no direct

emissions at the point of consumption. Direct emissions producedby electric vehicles are largely
hydrogen emissions released during the battery recharging stage. Although hydrogen is an

explosive emission in high concentration, hydrogen poses no problem to atmospheric air

pollution9. While electric vehicles produce almost no direct emissions there are emissions

associatedwith the electricity productionstage dependingon the power source of the electricity
generation. Centralized power plants located away from urban centers eliminate urbanozone

formation problemsand can effectively controlemissionsassociated with fossil fuel consumption.

Electric motors have the advantage over internal combustion engines (ICE) because electric
motorsdo not idle when the motion is stoppedas ICEs do thus eliminatingthe idling powerloss

which can be significant in urbantransportationsettings.

* Enersy Protection Asency ,A nab, sis of the Economic and Em, tmnmental Effects of Melhanol as an A utomoblle Fuel. April.
1990. pp. 15-18.

The Gas Research Institute. The Energy Information Administration. and Science Applications International Corporation.
Identt_cat_n and Analysis of Factors Affecting the Adoptton of A Ifema.ve Transportation Fuels, 1991. p. 21.
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Considering present electricity prices, exclusive electric vehicles as an alternative to gasoline

vehiclesarenotascosteffectiveasethanol,methanol,andnaturalgasvehicles.Even though

electricityasa transportationfueldelivers50 percentmore milesperBtu thanotherfuels,the

currentpriceof electricitymakes electricfueltransportationnotablymore expensivethan

conventionalvehiclesI°.

CompressedNaturalGas/LiquidPetroleumGas Vehicles

CompressedNaturalGas(CNG) andLiquidPetroleumGas(LPG) vehiclesaregroupedtogether

inthissummarybecausetheenginetechnologyissimilarforthetwovehiclesutilizingdifferent

fuelsources.CNG vehicleshavebeeninuseforseveraldecadesintheUnitedStateswhilein

otherpartsoftheworldtheyhavebeeninoperationsincethe1930'sI_.The largestapplication

ofCNG vehicleshasbeeninheavy-dutyfleetvehiclesbecauseofthebulkynaturalgasstorage

tanks.

The CNG/LPG technology consists of a modified internal combustion engine connected to the

fuel source in a closed system _:. Because the fuel supply is in a gaseous state the entire storage

engine system must be a closed system which eliminates the emissions problem of evaporating

fuel during storage and refueling. The CNG/LPG engine produces higher thermal efficiencies

than conventional gasoline engines; however, because of the additional weight involved with the

fuel storage tanks the additional energy efficiencies are almost negated _3. However; presently it

is reported that natural gas vehicle operatk, a is less expensive than conventional gasoline

vehicles. A survey of gas utilities taken by the Gas Research Institute indicated that the CNG

price per gallon-equivalent of gasoline is $.85-$1.10. GRI reports that it's analysis indicates that

CNG prices including compression costs" and fuel taxes are 13 percent lower than gasoline cost

for conventional vehicles TM.

Compressed natural gas and liquid petroleum gas vehicles are considered cleanfuel vehicles

lo Ibid, p.30.

a_ Environmental Protection Agency, A nalya_s of the Economic and Environmental Effects of Compressed Natural Gas as
a Vehicle Fuel, Volume II Heavy-Duty Vehicles, April 1990, pp. 1-2.4.

n Energy Information Administration, Eneqly Consumption and Conservation Potential: Suppon#eg A nalyais for National

Energy Slrategy, Dee,ember 21, 1990, pp. 90-91.

t3 Energy Information Administration, Ene_ Consumption and Conaervation Potential: Supporting A nalysts for National
EneqD, 5wategy, December 21, 1990, pp. 90-91.

,4 The Gas Research Institute, The Energy Information Administration, and Science Applications International Corporation,
Identification ¢md A nalysts of Factors Affecting the A doption of A ltemattve Transportation Fuels, 1991, p. 29.
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because the fuel bums cleaner than conventional gasoline vehicles. Natural gas vehicles do not

emit ozone formation emissions, however, these vehicles do emit a high amount of NO_ and

methane which is an important contributor to greenhouse gases.

Gas Turbine Vehicles

Gas turbine engines have been in existence for several decades and presently have several

significant applications such as aircraft engines and electricity generation. Gas turbine technology

is a significant variation from ICE technology. A gas turbine engine consists of three principle

components; a compressor which compresses outside air to be mixed with fuel, a combustion

chamber where the compressed air and fuel are ignited, and turbine which is turned by the

exhaust of the ignited fuel mix I_.

Gas turbine vehicles potentially could be up to 50 percent more efficient than conventional

internal combustion engine vehicles _6. The increased efficiency is due to the fact that a turbine

engine utilizes a larger percentage of the work being performed by the fuel than ICE's. Small

turbine engines suitable for use in transportation vehicles are not being produced now on a large

scale; therefore, the current cost of turbine engines are prohibitive for vehicle use.

Gas turbine engines could be designed to bum different fuels ranging from alcohols to diesel fuel.

This study will consider two technologies under the gas turbine engine, compressed natural gas

and conventional gasoline.

Fuel Cell Vehicles

The concept of fuel cells as a power source for transportation vehicles is similar to electric

vehicle technology because an electric current powers a motor which drives the vehicle. The

difference is that an electric vehicle runs off of a battery which is recharged periodically while

a fuel cell is charged by a separate power source such as methanol or hydrogen. The first large

scale applications of fuel cell technology were the Apollo and Gemini space missions which

sparked interest in fuel cell technology in vehicle transportation.

Fuel cell technology has the advantage of higher conversion efficiency from the fuel source into

t5 Glasstone, S. Enev,D, Deskbook, Van Nostrand Reinhold Company, New York, 1983, pp. 152-156.

t6 Energy Information Administration, Energy Consumption and Conservation Potential: Suppo_ng A nalys_s for Natgonal
Enstgy Strategy, December 21, 1990, pp. 90-91.
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electricity than a combustion engine. A large portion of the energy derived in a heat driven

internal combustion engine is lost in the form of external heat which does not occur in the fuel

cell technology. Fuel cell technology remains in the development stage and cost projections of

transportation vehicles are extremely high. Further research may lower the costs of fuel cell

technology; however, for now fuel cell technology seems unrealistic for large scale adoption.

VEHICLE PRICES

This section documents vehicle purchase prices in the database. The output of the database is

a vehicle price for sixteen technologies for three vehicle sizes and three penetration scenarios,

from 1990 through 2030, in thousands of 1990 dollars.

The generalapproachis to establishcurrentand ultimate price premia for AFV's (alternative fuel

vehicles)over the price of a gasolineI.C.E. (internal combustionengine)vehicle, andto usean

exponential decay function (expressedas a compound percentagedeclinerate) to project each

price premium towardsitsultimate value. The shapeof the curveimplied by the price decayis

basedon forecastedfutureprice levelsor SAIC's judgment where no dataare available. A non-

fuel escalationrate was used to establishfuture prices of gasolinevehicles for each of three

vehicle sizes(small, medium,and large)'7 through theyear 2030.

Vehicle prices were obtained from the following inputs:

• Current price of gasoline vehicles by size (S, M, L).

• Current price premia for 15 other vehicle types independent of size (i.e., fuel-

related premium or discount to base gasoline vehicle).

• Ultimate long-run price premia for 15 other vehicle types independent of size.

• Non-fuel escalationrate independentof vehicle type.

=_ Size categories are defined primarily by weight, and secondarily by passenger cabin volume. These definitions are
consistentwith usage in all of the literature, and in t_rms of weight are: below 2600 ibs for small vehicles, between 2600 and
3200 Ibs for mid size, and above 3200 for large.
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• Annual, compound percentage decline in current premium towards ultimate

premium, or premium decay, for 15 vehicle types for three scenarios (B, H, L).

The approach has the following advantages:

• Projected AFV prices should be relatively consistent visa vis conventional

gasoline and other AFV prices.

• Incorporating the price of gasoline vehicles into AFV prices ensures that the non-

fuel escalation rate is taken into account for all technologies.

• Updating and revising figures based on future developments are facilitated.

CURRENT VEHICLE PRICES

Determining current vehicle prices required two steps: finding the price for gasoline vehicles of

three sizes (small, medium, and large), and obtaining current AFV purchase prices by adding

premium to the gasoline vehicle price for each technology.

GASOLINE VEHIC,,LE PRIC,,ES

Prices for gasoline vehicles were established by averaging the prices of three representative

vehicles for each size category. The vehicles were selected on the basis of market share _8. All

prices are manufacturer's suggested retail prices obtained from the National Automobile Dealers

Association (NADA) used vehicle price guide. Table F-5 below provides detailed information

on the selected gasoline vehicles.

_' Market sham source: NADA, August 1992, p.32.
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Table F-5. Gasoline Vehicle Characteristics (1990)
i i , , i

SiZF.:. :: VEllICLEMAK]_, MODEL, BODY &.STYLE. PRICE WEIGHT
(1990 S) 0LBS)

L Z_ I Ill Ill II L_ II , _ , , , I ,,lll ,, , ,

Ford Ltd Crown Victoria VS/4D Sedan $17,257 3821 lbs
II

LARGE: Cadillac DeVille/4D Sedan $27,540 3546 lbs
!/ ii. ............
:;_: i ii:i :: Dodge B250/Van $12,575 NA

i
: .

:i: :!:::i:i_ Beretta Corsica/2D coupe GT2 $13,750 2839 lbsI II I I I __ IIIIII I I I I

_ MID-SIZE::::: Ford Taurus/4D sedan, GL $13,834 3089 lbs
I|11 I

• |.

:::i_::: :. :i:i:i::i,:i!I Honda Accord/4D sedan LX $14,895 2857 lbs
i re.ill iii i

i!_z;_i ii::ii!;iiiiii:Z::/Honda Civic/3D hatchback DX $8695 2165 lbs
.:.::" . • ..:. : ...'::.!:...:
:..:... ...'st

i::::!.....SMAI_:I:I:_:::: Chevrolet Cavalier L41 4D sedan $8820 2471 lbs
. ." "! i ' .i _ . " " iiii I1|11

: ..]:: FordEscort/2DhatchbackLX $7806 c2312Ibs

Sources for price and Weight:

Larse: (NADA, July.August, 1992, ps.23, 75, 271)

Mid-sized: (NADA, July-August, 1992, ps.29, 74, 174)

Small: (NADA, July-August, 1992, ps.29, 73, 173)

CURRENT PRICE PREMIA FOR A,FV'S

Current price premia are the premia paid in the market today over conventional gasoline vehicle

prices for each technology in the database. All current AFV prices are calculated by adding these

premia to the current gasoline vehicle price values for each category. The premia are added to

the current gasoline vehicle price to obtain the current AFV prices for each vehicle size, type,

or scenario. All premia and SAIC's assumptions, rationales, and comments for each technology

are provided below. Each entry also contains the citations consulted by SAIC; abbreviations are

more fully defined at the end of this report.

• Diesel-- $1000. Average premia for representative diesel passenger vehicles;

figure was slightly higher in the past.

Sources: (NADA, July-August, 1992 & SAIC).

• Elhanol Flex --- S4,500. Figure was set at the upper end of the range in the

literature because of recent DOE data that places a much higher premium on

flexible fuel vehicles.
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Sources: FFV range $2000-5000 (Cogan, August 1992, p.94); average of $6,400

for DOE AFV's (including ethanol, methanol and CNG) procured in 1990

(G.A.O, May 1991, p.20).

• Elhanoi Neat-- $2000. As is the case with ethanol flex, estimate is at the upper

end of the range to make it more consistent with recent DOE data.

Sources: $300-2000 (Cogan, August 1992, p.94), DOE AFV's data (G.A.O., May

1991, p.20).

• Methanol Flex--- $4,700. Premium is equal to that of ethanol flex plus $200 for

higher manufacturing costs due the corrosive nature of the fuel, i.e., stainless ste:'

or specially treated materials are needed for the engine. Figure is consistent w_
the literature consensus and recent DOE data.

Sources: Fully optimized vehicle not engineered yet (CRS, 1989, p.17); higher

corrosiveness (Rouse, 1991).

!

• Methanol Neat--- S2,200. Premium is equal to that of ethanol neat plus $200 for

higher manufacturing costs due the corrosive nature of the fuel, i.e., stainless steel

or specially treated materials are needed for the engine. Figure is consistent with
the literature consensus and recent DOE data.

Sources: $2000 1992 Ford econoline van (NKEL, 1992); FFV range $2000-5000

(Cogan, August 1992, p.94); average of $6,400 for DOE AFV's (includes ethanol,

methanol and CNG) procured in 1990 (G.A.O, May 1991, p.20); $210-340 by

1995 (D.O.E., August 1990, p.ix); higher corrosiveness (Rouse, 1991).

* ]gle¢lxic -- $45,000. This figure includes an estimate of the net present value of

battery replacements. It is consistent with most recent sources and manufacturer-

quoted prices of soon-to-be released vehicles.

Sources: 1989 GM G vans priced at $32,500 in 1989 (SAIC/report, 1991, p.25);

1993 Ford small van priced at $100,000 (NKEL, 1992, on-line); batteries premium

$6,000 by 1995; 1993 GM Impact production cost range $15-20,000 (O.T.A.,

1990, p.l19); GM Impact price range $20,000-30,000 (Woodruff, 1991, p.58);

batteries premium $2,600-g,200 for advanced lead-acid battery (ICAMF, 1990,

1.16); Fiat Electra priced at $22,000 or twice the price of its I.C.E. twin

(Woodruff, 1991, p.57); current battery price $1,500, replaced every 20,000 miles

(Woodruff, 1991, p.58).
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• ElecU/c Hybri_e LC.E,--- S50,000. Figure includes the price of a regular

electric vehicle (EV) plus a premium for the large I.C.E. The premium accounts

for the fact that two engines would be costly and inefficient in terms of

maintenance and use of space. A large I.C.E. acts as a range extender in the same

way as a conventional gasoline I.C.E. The difference in price between a small

and large I.C.E. is deemed to be insignificant at any stage. The figure is

consistent with manufacturer prices of soon-to-be released vehicles and the
consensus of the literature.

Sources: 1993 Ford small hybrid van priced at $100,000 (NREL, 1992, on-line)_

high cost of adding batteries and electric motors to the engine of an I.C.E.

(Woodruff, 1991, p.59).

• Electric Hybricl/Small LC.E.-- $50,000. See Electric Hybrid/Large I.C.E. above.

A small I.C.E. only serves as a generator to recharge the batteries for the electric

engine to operate. The difference in price between a small and large I.C.E. is

insignificant at any stage.

Sources: 1993 Ford small hybrid v_ _ *_riced at $100,000 (NREL, 1992, on-line);

high cost of adding batteries and electric motors to the engine of an I.C.E.

(Woodruff, 1991, p.S9).

• Eiecai¢ Hybrid/Turbine--.$125,000. Figure includes the price of an electric

hybrid/I.C.E, plus a high premium that reflects the absence of a viable prototype
at this time. Gas turbine vehicles were manufactured in the fifties without success

due to lack of competitively-price, d, heat-resistant materials; however, new

developments may solve such obstacles and a prototype vehicle may be

successfully produced by 1998.

Source: (The Economist, September 28, 1991).

• CNG--- S2,750. Although some economies of scale are already present, all CNG

vehicles are essentially retrofitted rather than optimized, therefore a significant

premium (and potential for improvement) remains. The selected figure is

consistent with the middle to the higher end of the 1992 literature ranges.

Souses: Range of $2000-5000 (Cogan, August 1992, p.94), 1992 Chrysler Dodge

B-Series Van Wagon $5000 (NREL, 1992, on-line); $2,550-3,250 (EPA, 1990,

p.10), $2550-3250 for light-duty automobile (large), $1650-2250 (small-medium),

$2350-3050 light duty truck; mass-produced dual-fuel $1600 (ICAMF, 1990,

p.5.7); average of $6,400 for DOE AFV's (includes ethanol, methanol _nd CNG)
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I

procured in 1990 (G.A.O, May 1991, p.20); $800 by 1995 (D.O.E., August 1990,

p.ix).

• LPG--- $1,500. Although some economies of scale are already present, all LPG

vehicles are essentially retrofitted rather than optimized, therefore a significant

premium (and potential for improvement) remains. The selected figure is

consistent with the middle to the higher end of the 1992 literature ranges.

Sources: $1,200-2,200, (ICAMF, 1990, p.l.15.); 1992 Ford F-700 medium duty

truck conversion option at $800 (NREL, 1992, on-line).

• Turbine/Gasoline-- $125,000. Figure includes a high premium that reflects the

absence of a viable prototype at this time. Gas turbine vehicles were

manufactured in the fifties without success due to lack of competitively-priced,

heat-resistant materials; however, new developments may solve such obstacles and

a prototype vehicle may be successfully produced by 1998. The figure is

consistent with the electric hybrid/turbine vehicle premium. No significant

estimated price differential between CNG and gasoline technologies at this time.

Source: (The Economist, September 28, 1991).

• Turbine/CNG-- $125,000. See Turbine/Gasoline above. No significant estimated

price differential between CNG and gasoline technologies at this time.

Stow:e: (The Economist, September 28, 199 I).

• Fuel Celi/Hydrolgen--- $150,000. Figure includes a high premium for fuel cells

because they are far more expensive than conventional batteries; there is also a

premium included for fuel storage. Production prices in the literature diverge

widely. Both hydrogen and methanol technologies rely on hydrogen for their

electrochemical reactions and differ only in the way it is stored, i.e., as a'

component of methanol, or independently; therefore, no significant differenc_

between them exists at this stage. Hydrogen-burning (as opposed to fuel cell)

vehicles are far more feasible and less costly at this time.

Seurces: Fuel cells cost and premium for fuel storage (McCosh, 1992, p.29); 1995

prototype's price: drive system and engine $225,000, plus a fuel storage tank with

a price range of $2,253 to $7,709, for a subtotal of $225,203 to $232,659 not

including chassis (C.E.C., June 1991, pp.25-30).

Hydrogen LC.F..Sources: feasibility; prototypes in Japan, i.e., Nissan's joint effort
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with Musashi Institute of Technology (Maruyama, 1991); Mazda hopes to sell a

few hydrogen-burning cars in California within ten years; current models are not

optimized; premium for hydrogen tank is $26,000 (Templeman, 1991, p.59).

• Fuel Ceil/Methanol-- $150,000. See Fuel Cell/Hydrogen above, Both hydrogen

and methanol technologies rely on hydrogen for their electrochemical reactions

and differ only in the way it is stored, i.e., as a component of methanol, or

independently; therefore, no significant difference between them exists at this

stage.

Seurces: See Fuel Cell/Hydrogen.

FUTURE VEHICLE PRICES

Ultimate price premia are defined as the minimum future price differentials between gasoline and

ATF vehicles. An extensive literature search and SAIC's own resources yielded forecast future

prices, which were used to set ultimate price premia and the approximate expected year they will

be reached. All ATF vehicle prices falling between the ultimate and the current price premia are

calculated by using the price premia decay rate described in the subsequent section.

FUTURE GASOLINE VEHICLE PRICES

For all gasoline models, the prices beyond 1992 escalated at 2% per year. Non-fuel escalation
factors include:

• The historical tendency of options to become standard equipment through time.

• Progressively higher additional costs for emissions controls and efficiency

requirements. These are estimated to be $70 for a TLEV and $170 for

LEV/ULEV (CARB, August 1990, p.IX.13).

• Increased investment in more efficient, lighter engines such as the 2-stoke engine

(The Economist, September 28, 1991) and higher cost super-light body materials

such as carbon composites (GM, 1992, pp.14,15).
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DEVELOPMENT OF ULTIMATE PRICE PREMIA

Minimum price differentials are reached once all criteria for improvement relative to conventional

prices have been met. The criteria include the maximization of well-known economic principles

such as economies of scale, returns to scale, and learning curves. The future year and value

assigned to AFV premia were found by applying the above criteria to the current status of the

technology, the short-term and future projected gains, and relevant theoretical limitations.

Once values for ultimate cost and associated year were calculated, the premia were added to the

corresponding year's conventional gasoline price. After an AFV has reached its ultimate

premium, price differentials between that AFV and a conventional vehicle remain constant except

for non-fuel escalation. Assumptions, rationales and comments for each technology are provided
below.

• Diesel--- $1,000. Average premia for representative diesel passenger vehicles;

figure was slightly higher in the past, but is not expected to decline further.

Solm=es: (NADA, July-August, 1992 & SAIC).

• Eflumoi Flex-- $0. Near-zero ultimate price premium assumes economies of

scale and optimization achieved prior to switch to ethanol neat vehicles. Figure
consistent with EPA and most recent literature.

Some: (EPA/ethanol, 1990, Appendix C, p.2).

• gtlmnoi Neat-- $0. Near-zero ultimate price premium assumes economies of

scale and optimization of both ethanol types. Prior development of flex vehicle

would provide learning curve feedback. Figure consistent with EPA and most
recent literature.

Some: (EPA/ethanol, 1990, Appendix C, p.2).

• Melhanoi Flex-- $200. Premium is equal to that of ethanol flex plus $200 for

higher manufacturing costs due the corrosive nature of the fuel, i.e., stainless steel

or specially treated materials are needed for the engine.

Sources: Premia for corrosion-resistant materials, fuel sensing and control

systems, and larger fuel tank for a total range of $150-500 in the late nineties,

down to near-zero premium after that (CRS,1989,p.17); $150-300 at high volume

production (EPA, April 1990, p.35); $300 with large scale production (ICAMF,

1990, p.l.14).
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• Methanol Flex m :5100. Premium is equal to that of ethanol neat plus $100 for

higher manufacturing costs due the corrosive nature of the fuel, i.e., stainless steel

or specially treated materials are needed for the engine. Such a premium would

be smaller for a dedicated neat vehicle due to greater economies of scale,

optimization, and transfer of knowledge from flexible fuel vehicles.

Sources: (EPA, 1990, Appendix C, p.2, & CRS, 1989, p.17).

• ElecUic-- $6,500. Figure includes an estimate of the ultimate price premium of

a battery, assuming steady improvements in battery technology and mass

production taking place as zero-emission vehicle laws take effect. Advanced

batteries now in an infant stage of development could considerably extend the

range of the vehicle without the need for replacement. Differences between EV

and EH vehicles are unimportant, as their most expensive component, the

batteries, is the same. The figure is consistent with the consensus of the literature.

Sources: Premium for ZEV $1350 (SAIC/report, 1991, p.35); advanced batteries,

such as sodium-sulfur, with a 100,000-mile life may be available by 1994

(Woodruff, 1991, p.58).

• Electric Hybrid/Large LC.E. m 56,500. See Electric above. Differences between

EV and EH vehicles are unimportant, as their most expensive component, the

batteries, is the same. The additional cost of a range-extender I.C.E. (regardless

of size) ultimately approaches zero as economies of scale, transfer of knowledge

and innovation arrive. The figure is consistent with the consensus of the literature.

Sources: See Electric above.

• Electric Hybrid/Small LC.E.-- $6,500. See Electric and Electric Hybrid/Large

I.C.E. above. The additional cost of a range-extender I.C.E. (regardless of size)

ultimately approaches zero as economies of scale, transfer of knowledge, and

innovation arrive. The figure is consistent with the consensus of the literature.

Sources: See Electric Hybrid/Large I.C.E. above.

• ElecUi¢ Hybrid/Turbine-- $6,500. See Electric above. Differences between EV

and EH vehicles are unimportant, as their most expensive component, the

batteries, is the same. The additional cost of a range-extender turbine ultimately

approaches zero as economies of scale, transfer of knowledge, and innovation
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arrive. The figure is consistent with the consensus of the literature.

Sources: See Electric Vehicle above, and Turbine/Gasoline & CNG below.

• CNG--- $7$0. Assumes mass-production of optimized dedicated vehicle. The

figure is consistent with the consensus of the literature.

Sources: $700-800 for optimized and dedicated vehicle (O.T.A., 1990, p.101);

$800 for optimized large-scale production, less for dedicated vehicle (ICAMF,

1990, p.l.14).

• LPG-- $500, Assumes mass-production of optimized dedicated vehicle. The

figure is consistent with current price differences between LPG and CNG vehicles,

and assumes such differences will persist.

Source: $500 (SAIC judgment).

• Turbines/Gasoline-- $1,,_00. Assumes likely advances in high temperature

ceramics and electronic combustion controls will take place by the end of the

decade and eventually make this technology cost-competitive with conventional

technology.

Source: (The Economist, September 28, 1991, p.95).

• Turbines/CNG-- $1,500. See Turbine/Gasoline above. Assumes there will be

no significant price differential between CNG and gasoline technologies.

Source: (The Economist, September 28, 1991, p.95).

• Fuel Ceil/Hydrogen--- $6,500. Assumes significant advances in storage

technology and fuel cell manufacturing are accomplished due _o high demand.

Sources: storage technique breakthroughs: liquid hydrogen, or hydrogen bonded

with powdered metals or stored in metal alloy balls may render it as safe as

gasoline (Templeman, 1991, pp.59, 60); by 2010 the fuel cell hybrid will be

$6,562 plus chassis (C.E.C., June 1991, pp.25-30).

• Fuel Cell/MeOtanel--- $6,500. Assumes significant advances in storagei

technology and fuel cell manufacturing are accomplished due to high demand.

Sources: Hydrogen-rich methanol would allow a fuel cell vehicle to refuel as

rapidly as an I.C.E. vehicle (Economist, September 1991, p.75); storage technique

breakthroughs: liquid hydrogen, or hydrogen bonded with powdered metals or

stored in metal alloy balls may render it as safe as gasoline (Templeman, 1991,

National EnergyModelingSystem
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exponential decay rate is rapid, the vehicle price reached its ultimate price well before 2030 (e.g.,

ethanol and methanol). If the decay rate is slow, the ultimate price may not be reached in the

40-year period.

Table F=7. LDV and AFV Cost Decay Rates
II

III " , 'll/ '=r ,j, '

10% 1% 1% Diesel ¢ngimm are advantageous only for medium and heavy-duty
vehi¢lu, Unsuce.em_ previous attampt to penetrate th¢ passenger car

iiiiiiii iliii!!iiiii!ii!iiii!iiiiiiiiiii!:II Hi i

::!ii_[i_i!: i:i!i_!!i.:i.i..iii.i!i!i $% 10q6 ]$% Similar tcchno]oBies are assmned to have near identical dae,ay rat_ and
iiii!__ii_;_iiiiii!!iiiili!!i!i_ constitute the alcohols flexible fu¢l market segment. Because of initial
il;!ii:i::!i::ii:i_.i._ii:i::_:_i_.!i:iiii:_ii::_!iii!ii_!_:i!ii!i!ili!_ fladavailabilityadvantagesoverneatvehiclesandalreadyexisting

:;_::::__::::i_;ii_i!_:_:_:i:::i!i_ii!iiiii!i t_hnology(nstrofltt_gasolineengines),nexonesareexp_ tobe
ma_-producedmuch soomsrthanoptimizedv.catvehielos.Consistent

..... i " " " i ii g liB i i

:_._i_::&:_!:i:_(:::!::_!_i_!!'i::' ' ':-" 2.5% 5% 7.5% Bce,aus¢optimized neatvehiclesnee,cs_tstemore engineering,theywill
iii:__i::N_:_:;:i_;iiiii? ! take longer to develop and be mass-produced than flex vehicles. It is
/5'::,,.. ....:: .;. : .....: '::::'::'.::::.::::

: . _.__:...":::iii::::.:.:.::i:!:i::i:i: asaumedthat_ willbea trendtowardsoptimizationandthatflex'::!::.-" :. '' •' i:i:-::::,.i:"i::.!:i:i::...

:_:;*."' :i::.::::_..<_i!/:_::/:i_i::i_:: vehicleswillnotbeavailableins/gnificamtnuml_,rsby theendofthis

:_i......._: _:::::::"if_ii::i[::::!_::/_]:::!:i:-. iili!iii n_xtforflexdecade,vehiclasTheandmt_sarcWCt¢consistentmundCdwithoffthetoflSuresconsensusequaloftothehalfliteratuns,oftho_
.... I i '11' " I':' • I I II ill I m _
?i-:::!"::.:,:.'.. "/:.:::.:-.i0i::i:

::::::]_d©:&i__iiii:_::_ 7.5% 12.$oA 15% Assuming steady improvements in hattm7 technology and the expansion
ii__::ii_; _;_i;;::;.::::::.i;_iii::i::i;ii!iii:;iiiil ofzeromisaiom statelimitprograms,theoverall advantages ofelectric
:,!i_:!i_/!"__i I!!!i!!ili: and hybrid vehicles will translate into the fas¢_t annual increase in

:]:_i;ii!i:.::_i:i.:::!ii!.:i:_!iiiiiiiiii::!i!i!_i!iiiiiiiiii_i productionforany AFV. The ram _ _en fastarbecauseinitial

if: : i iii!!iiii!:iiiiii!il LPo,pr°ducti°n'mUChandalcohol flex.l°werthan other competing technologies, i.e., CNG,
II I I II II I Ill Ill " ,

!I::!:_G_I_I_:ii::{::i:::_i:!ili:_i_iiii_ii::.5% 10°,6 15% Assumingretrofitconversionthrough2000;d_lieat_dmass-produced::_ii!.ii:::;i_/::/:!i::/ii:.ii::_:/i:/i!!ii:/!i!i!i::i:i
_.<_i::::.:::_::_i:_i_:";:i::::_!_i:i:_!!::!!i;i_i: oplimized vehicle aflr that year.

I

ii!_i :il!!ii::ii!!ii;il iii 2% 4% 6% D_licat_lmus-production willcome laterthanCNG vehicle-.,, due to

:!ili!il_ iii !: i i!iii!i the lattm', greater advantages vis a vis the non-fl_t pass_,Ser vehicle

•i..:!:.: :".:.::::i{,:::.:::. .i'i:i:i!!i:ii: " '" "' ' = ' "
:::: ...- .,.....q.;... ::. :: ;:::::::';

.::.:i_a_im_,.:.:,.,........>:>>::::::::,5% 10% 15% Ral_ comist_t with, and slightly lower than, those for el_tri_l
i?:i: ..i.i.::i..:.i:::::.:7 ..i:: : ::":":iiiiil!iii
.__::_/.:CNG.:_:_:_:_:; vehicles. Both technologios are in their infally but are also vmy
;i!ii;:::/::._::::::-_/_.:i/:_./:::;_/_!!!_ii!!i:_:I!iii_ii#i:iA:ii_i_ii::!i::::::'iii!:!:::?::i::::::!_!:::i::i::!i!i!{i:i::!::: _omisinll. Aimuminll li_hllology is operaliormlby _ _ of lho
iii::_i_i_!_::;_{_ii_i:::/:::i:i_:!:<:/.::::::/_!!i::_::/:::i_i_i_: contx_, com should d_u_ rapidly after that due to high initial
_i_:::i:;_:_":_;i_i::_::_:_i_::_i::_i;i::{_i_i;i::i_i;i_::i:_:i;i_i_il_ming curveposition (e.g., turbine technology) and use of conventional

fuel.
._.]:.: . :>:.:.:I,:::_:':'. ',

i!im_t:'_a_a/:i"iiiiiiii!ilZ5% _0% _s% gain m _t witheloctn_lvehiclmandroundedon'toequ_.. :,1_ mm_ :::::::::::::::::::::::::::::::::::::

!ili__iii!_!:!iiiiiiiiiii{iiiiiii!i!iii!iii!iiii tho_ of tw"oin_vehicle& The dovelopmemt of this _¢_o]ogy presents
_ge, n more obstaoles than turbines but offm more potential rewards, i.e.,

lower mnB and seemingly limitl_m fuel supply.
I i , " .........
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SOURCES:

• Diesel-- Rate tied to gasoline rate; the price premium is assumed to remain

constant through time. The usefulness of this technology is limited to large
vehicles.

• Edumol Flex--- $300 premium with large production in the future (L_A, April

1990, p.2); limited production by 1993, full by 2000 (C.E.C., 1989, p.7).

• Medmml Flex-- Costs dropping since Chrysler began selling its Dodge Spirit

and Plymouth Acclaim without a price premium, other auto makers will

presumably follow (Cogan, August 1992, p.94); limited production by 1993, full

by 2000 (C.E.C., August 1989, p.6); Federal fleet assumptions for cost premia:

1993--$2,500, 1994--$1500, 1995--$1000, 1996--$275, 2001=$150 (D.O.E., May

1992, p.26).

• Medumi Neat.-- No significant production for dedicated vehicles before 2007-

2010 (CRS, 1989, p.17-18).

• Electric-- Large resources from Detroit's consortium going into EV research

(Woodruff, 1991); estimated manufacturing cost versus annual production volume

(no. of vehicles manufactured/EV cost in 19885): 30/$48,200, 100/$40,000,

1000/$29,500, 10,000/$21,000, 50,000/$18,100 (C.E.C., August 1989, p.6); limited

pr6duction 1993-2000 (C.E.C., 1989, p.7); economies of scale after 1998 (60,000-

100,000 units) and replacement of DCEV (direct current electric vehicle) by

ACEV (a_terne:ing current e.v.); NiFe batteries and advanced battery use

beginning 2003 and 2005 respectively, by 2009 1/2 of the EV and EV/hybrid

market captured (A.F., 1990, p.18-22); GM Impact plant production will be

25,000/year (Woodruff, 1991, p.54, p.58); it takes production runs of at least

50,000/year to make a profit on a reasonably priced vehicle (Woodruff, 1991,

p.59).

• Elec/dc Hybdd/lmze LC.E, --- NiFe battery car by 2003; by 2010 half of the

EV's may be EV/hybrid (A.F., 1990, p.18-22). See other applicable references
above under Electric.

• Elecldc Hybrid/Small LC.E. --- NiFe battery car by 2003; by 2010 half of the

EnergyModd_ System
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EV's may be EV/hybrid (A.F., 1990, p.18-22). See other applicable references
above under Electric.

• Electric Hybrid/Turblne--- NiFe battery car by 2003; by 2010 half of the EV's

may be EV/hybrid (A.F., 1990, p.18-22). See other applicable references above

under Electric, and under Turbine.

• CNG--- Retrofit conversion 1993-2000 (C.E.C., 1989, p.7).

• IJ_-- Retrofit conversion 1993.2000 (C.E.C., 1989, p.7).

• Turbine/Gasollne--- (The Economist, September 28, 1991, p.95).

• Turbtne/CNG-- (The Economist, September 28, 1991, p.95).

• Fuel Cell/Hydro|on-- Prototype vehicle by 1993, demonstration vehicle by 2000
i

(C.E.C., 1989, p.7); prototype by 1995 possible, limited production 1000 to 10,000

units/year by 2002 (C.E.C., June 1991, p.20); main current obstacles are safety,

compact storage, and competitive production costs; factory site vehicles by 2000,

road vehicles beyond that (Tyler, 1990, p.20).

• Fuel Ceil/Methmoi--- See references for Fuel Cell/Hydrogen above.

VEHICLE EFFICIENCY

This section documents vehicle efficiency in the database. The output of the database is the

efficiency rate for sixteen technologies for three vehicle sizes, from 1990 to 2030. The rate is

given in miles per MMtu.

The general approach consists of establishing the current mid-size vehicle mileage per MMBtu

for each fuel. The mileage figures are then adjusted for differences in vehicle size (e.g., small

and large) using an index of mileage by size, as a function of mid-size mileage, while holding

fuel constant. A fuel-use adjustment is needed to correct the miles/MMBtu estimates for pure

fuel use vs. hybrid fuel use (e.g., electric vs. electric hybrid).

Naiomd Energy Modeling Sy=lmm
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To obtainfuturevehicle efficiency, an annualsimple percentageefficiency gain by vehicle type

was developed. Fuels with greaterpotentialfor engine efficiency improvements were assigned

greater estimatedefficiency gains over time (e.g., gasoline I.C.E. vs. EV.).

Thus, the vehicle efficiency inputs are:

• Currentmileage per MMBtu for each fuel.

• Mileage by vehicle size (small, large) as a function of mid-size vehicle mileage.

• A fuel-use efficiency adjustmentto correct the miles/MMBtu estimates for pure
fuel use vs. hybrid fuel use.

• Annualsimple percentage efficiency gain by vehicle type for all vehicle types.

The approachhas the following advantages:

• Projected efficiency rates should be relatively consistent vis avis conventional

gasoline I.C.E. and other technology efficiency rates.

• Updatingand revising figures based on futuredevelopments are facilitated.

CURRENT VEHICLE EFFICIENCY

This section describesthe processof obtainingcurrentefficiency rates and adjusting for size and

fuel use. As explained in the previous section, currentmileages per MMBtu for each vehicle

technology were initially obtainedfor a mid-sizevehicle only. The following table shows these

currentefficiency rates. The sources consultedand the specific referencesand/or figures used
aregiven immediatelyafter the table._' Efficiencies for the other two vehicle sizes wereobtained

by applying an adjustmentfactorof +10% for small, and -10% for large, to the base mid-size
vehicle efficiency rate shown in the following table.

st Some improvements in the efficiency of lptsoline vehicles also apply to AFV's, i.e., super-li8ht materials and on-boxsd
computers, while others do not, i.e., two-4tmke ensinu. Those that do apply do m differently from me technolosy to another,
i.e., it will be easier to reduce sir dins in a vehicle that has a small, powerful ensine and does not require larse fuel stomSe
c_ps©ity.
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Table F-8. Current Mid-Sized Vehicle Fuel Efficiencies
[[ [I[[[[I II[ -- [II[ _ II I[[ [flit lllll

IIII III III " III _111II III J_ IIIII I I --

Gasoline 265
...... __11 I I I II II ii I __ iii IIIII

Diesel 280
r I I, II II I ill I --

Ethanol 190
, nHll tl ii|l | miH liH

l__l 270
........ IIII .... IIIII

@NO 230
-- _ Ill _ [I | II I .... -- lull I I I I IIIII

LPO _$
I ]1 IIlI _ I -- -- -- I I IIlIII [ II I --

Electricity 695
-- I IlIIlI IIlI -- __ j [llll[I --

Hydrosen 250
Ililili I I Illil HI i i Ill

SOURCES AND _CES:

• Gamline-- Efficiency rates of 24 MPG for Buick Park Avenue V6; 25 MPG for

a Buick LeSabre; 24 MPG for Toyota Camry (G.M.,1992, pp.14, 15, 36); Clean,

highly efficient engines already developed in Japan, i.e., M-Miller cycle engine

(Japan 21st, 1992); recent impressive gains in mileage, i.e., 65 MPG for a 1992

Honda Civic hatchback VX (Woodruff, 1991, p.56).

• _1 Flex --- Efficiency of 0.0505 ethanol gallons per mile (EPA, April 1990,

p.53).

• Utmoi Neat-- Efficiency of 0.0418 ethanol gallons per mile (EPA, April 1990,

p.53).

• Methanol Flex --- Efficiency of 11.4 MPG for 1992 Ford Econoline Van (NREL,

1992, On line).

• Medumol Neat-- Dedicated vehicle improvement over gasoline vehicle (CRS,

1989, p.18); dedicated vehicle is 4.15% better in energy input due to higher

compression ratios (Oil & Gas, Dec 1991, p.59).

• Electric -- SAIC data,



• Electric Hybrid-- SAIC data.

• CNG--- SAIC data.

• LPG-- Efficiency for a 1992-1993 Ford F-?00 Medium Duty Truck is 15 to 20%

less than its gasoline equivalent (N.R.E.L., 1992, On-line).

• Turbine/Gmoline--- SAIC clam

• Tuddne/CNG .--SAIC data.

• Fuel Cell/Hydrogen--- Energy density is about 3.8 watts per pound, or less than

that of an EV's le_..d-acidbatteries (McCosh, August 1992, p.29); the theoretical

limit to energy conversion is 80-85% (Templeman, 1991, p.59).

• Fuel Cell/Me_wl--- See Fuel Cell/Hydrogen above. Both hydrogen and

methanol technologies consume hydrogen as a fuel, so they are essentially the

same technology, differing only in the way the fuel is stored.

FUTURE EFFICIENCY RATES

Future efficiency rates were obtained by applying an annual percentage gain by technologytype,

for each of the three penetration scenarios. This section describes how the gain rates were

determined and provides the sources used

ANNUAL pERCENTAGE GAIN IN EFFICIENCY

The following table shows the efficiency gain rates by vehicle technology for three penetration

scenarios. Each vehicle technology entry is accompanied by comments or an explanation of

assumptions where applicable.

National EnergyMoclelingSystem
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Table F-9 Annual LDV & AFV Efficiency Gain, by Technology (Three Scenarios)
e |

___ON _ " _ _ r _ _ '

:._lim)::&.Dlemi::i:ii:._ i_i_ 1,00% 0.00% 2.00% Based on historical rate, i.e., since 1974 GM vehicles have improved.... : : :, : :::;

i:.!:i!/i_i/:ii!:_ili.:iii:i:iiii:i:::i::iii::i:i::!:ii::::i_ii_:i_ii::iii_ efficiency by 125%, and assuming current trends contiauo, i.e., increased
II:_i......._::__:_:_::::::::_:__:_:_:_:_:::'_>:_:i_ investment in ordm"to meet policy goals and competitive challenges of

! ! AFV's.The efficiency escalation rate cannot remain constant, because

iiiiii i!!ii_i :_: iiiiiiiiiil!!!iii!! aut°'makers themselves have set ambiti°us goals' i'e" Chrysler's 29

MPG by !996. Diesel rate parallels Baseline's and is consistent with the
historicalrecord?°

ii iii

ii__i _ls::: i_i_:!!i_ 1.00% 2.0(O 0.50% $-10% operation efficiency increase through technolosical improvements
in the near future. Since ethanol and methanol have hisher heat content
than 8uoline or diesel, hisher efficiency can be expected from a vehicle
that runs on neat fuel, but the annual gains in efficiency would be almost

::/..._::>....._:_.:..........._.:..::..::_._.::::::::_:> the same for both neat and flex fuels.Ill II III I

:"__:i_":__:i,li ili 0.50_ 0.75% 0.00% Muchhigherinitialefficiency,butfastimprovmnentsin baUmyand/or
: __ii::ii!:::_ i+: i!_i_iiiiliiiiiii _ t_lmoiogy are unlikely, resulting in a relatively low efficiency

gains rate. Note that this technology is not affected by the Career

:i!i!!ii!i!iii! iiiii!i! cycle's theoretical limit Similar rates are projected for all types of
hybrida, as their respective complementary technologies are secondav/to
the electric technology.

' r ";''_l ..... q .... . " me,i s ] ...... , ] ,

_i_i:_i_! :!!!!__iiii::i 1.00% 2.00% 0.50% Gain rates equivalent to those of alcohol f_ls assumed.
al

i!__;::__, iiii!!i 1.25% 0.0(_ 2.00% Baaed on existing technology applied to other types of vehicles, i.e.,
! iii:i.i:,ii:i_i:!_ i i_:i Abralm_sM] tank, bovm_'a_ and assuming the technology will fulfdl

!: : i i i its th(mr_eall expectations once applied to passenger vehicles.
El_ien_ gains should parallel those of conventional gasoline vehicles

"::.:".....:.::iii!ili!i::.i:.":'" :':'!i::ii:i:i:,i:i,:::.iii:!!!'ii

"_CNG_i!_/: i:i:_!i:!:?:iii::ii_1.25% 2.00% 0.50% Se()TLTRBIHF,/GASOLIHEentryabove.Efficiencygainsshouldparallel
, :.!:i:: ,:::::::::::::::::::::::::::::::::::::::::::::::::::::::::..:i..:!...::::.i:i:i:

[_._!:_:._:_:_._.!!_!_/i_i_!_:_:_i_!_._i_!_:_i_!_:_i those of conventional CNG vehicles to a large extent.
I Ill I II I

:i_i>:,::_......::..:. •:_ _:ii!i:._ii::::_::! 1.25% 2.00% 0.00% Although the technologyisinits infancy,becauseof its vast potentiala

i::_M)_l_:i_i::iiiii_:i_::_i_i:i:ii!:/:ili:::::i_ili_i::il fast gain rate similar to that of turbines is expected, i.e., it has
a

ili__ iill:! iilii i:i th_retieadefficiencyof 80 to 85% when the heat of the _ is
recovered for use e_. It is assumed that there will be continuous

t_hnical breakthroughs as projected today, i.e., proton exchange
membrane, or other advanced systems fully developed.

i [' _

SOURCES AND REFERENCES:

• Gasoline--- Camot cycle's theoretical maximum (Romano, 1989, p.75), 2-stroke

engine (The Economist, September 28, 1991 & Scientific American, October 1992,

2o Regardlessof fuel choice, all ICE's are limited by the Careercycle's theoreticalmaximum of 40 to 50%.

NationalEnergyModeitngSystem
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pp. 112-113); super-light materials (GM, 1992, p.14, 15); reduced air drag,

upgraded on-board computers (Woodruff, 1991, p.56); reformulation (Unzelman,

1991,p.64). Since 1974 GM vehicles have improved efficiency by 125% (GM,

1992, p.14, 15); Chrysler's efficiency goal is to achieve an average 29 MPG by

1996 (Woodruff, 1991, p.54).

Already existing promising prototypes (Maruyama, 1991); policy and industry

goals in the U.S. and elsewhere (Woodruff, 1991, p.54); CAFE's standards by

2001; the historical efficiency escalation rate, defined as a reduction in

gallons/year per vehicle, is 4.95% (Oil & Gas, Dec 1991, p.58).

• Diesel-- Carnot cycle's theoretical maximum (Romano, 1989, p.75); super-light

materials (GM, 1992, p.14, 15); reduced air drag, upgraded on-board computers

(IVoodruff, 1991, p.56); reformulation (Unzelman, 1991,p.64).

• Elhmmi Flex-- 5-10% operational efficiency increase (Oil & Gas, Dec 1991,

p.59); Camot cycle's theoretical maximum (Romano, 1989, p.75).

• Elkmei ?;eat-- Higher heat content and efficiency rates; learning curve gains of

20 to 30% over gasoline by the time dedicated vehicles enter the market (CRS,

1989, p.18); Carnot c3'cle's theoretical maximum (Romano, 1989, p.75).

• Medumel Flex-- 5-10% operational efficiency increase over gasoline (Oil & Gas,

Dec 1991, p.59); Carnot cycle's theoretical maximum (Romano, 1989, p.75);

improvement over gasoline: low case 4%, base 6%, and high 13% (CRS, 1989,

p.18).

• Mduml Neat-- Higher heat content and efficiency rate; learning curve gains of

20 to 30% over gasoline by the time dedicated vehicles enter the market (CRS,

1989, p.18); Camot cycle's theoretical maximum (Romano, 1989, p.75).

• Elecui¢-- SAIC data.

• Elec_¢ Hylaid/l, mle LC.E.--- Efficiency rates of 36 MPG for an average

passenger vehicle, and 21 MPG for a light truck (A.F., 1990, p.18-22).

• Eleclri¢ Hybrid/Small LC,E,--- Efficiency rates of 36 MPG for an average



passenger vehicle; and 21 MPG for a light truck (A.F., 1990, p.18-22).

• Eiecl]ic Hylaid/Turbine-- (The Economist, September 28, 1991, p.95).

• CNG-- Camot cycle's theoretical maximum (Romano, 1989, p.75).

• LPG-- Camot cycle's theoretical maximum (Romano, 1989, p.75).

• Tmline/Gmoline-- (The Economist, September 28, 1991, p.95).

• Turbiae/CNG-- (The Economist, September 28, 1991, p.95).

• Fuel Cell/llydrogen-- (Templeman, 1991, pp.59-60).

• Fuel Cell/Methanol-- (Templeman, 1991, pp.59-60).

VEHICLE EMISSIONS

This sectiondescribesvel_cle emissionsfrom conventionaland ATF vehiclesover time.

INDEX APPROACH

The general approach uses an index value tied to the impact-weighted emissions from mid-size

gasoline vehicles. In each year from 1990-2030, the emissions impact from the base-case

gasoline vehicle is estimated. As gasoline vehicle emissions decline (e.g., due to reformulation),

the absolute emissions level declines but the index value remains constant (at 1.0). The

emissions impact of the alternative fuels is benchmarked against the absolute level to create the

index value for the alternatives. If the emissions of an AFV declines faster than that of the

gasoline vehicle, the emissions index for that AFV will decline. If the emissions of an AFV

increases or declines less rapidly than that of the gasoline vehicle, the emissions index for that

AFV will increase. The technology choice module can make use of this relative indexing in

annually selecting vehicle types.

The weight given to emissions and emissions indexing in the technology choice module is outside
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the scope of this database. Whether decisions will ultimately be made with respect to some

threshold emissions level is also not considered. These two concerns raise certain specification

questions discussed elsewhere in this report.

The emissions index is constructed from the following inputs:

• Current emissions from a mid-size car for five pollutants (CO, CO2,NOx, methane,

and HMHC) in grams/mile for 16 vehicle types. See Table F-I 0.

• Minimum possible emissions by 2030 fbr the same pollutants for the same vehicle

types. See Table F-11.

• Annual simple percentage decline in emissions towards the minima, same vehicle

types.

• Impact-weighting of the five pollutants on health and environmental criteria.

The index constructed from these data is necessary because the impact on human health and the

environment from a gram of one pollutant is not equivalent to the impact of another pollutant.

This non-equivalence is particularly apparent when one compares the typical emissions of NOx

(about 1 gram/mile) to that of CO=(about 450 grams/mile). Clearly, CO= is not 450 times more

hazardous to health or the environment than NOr Thus, a weighting scheme (i.e., an index) must

be constructed to properly compare the overall emissions index.
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TableF-10.BaseMid-SizedVehicleEmissions(Grams/Mile,1990)

._.,.............................................i!i!!_',:_i'_i_i_C!II!!iiii_!'_!ii'.i_:!_O_!i_/,iiii_i_iii_,_iiii_._i_i__.i_i_i_i_i__6NSi_i__N,_a0_S.....

iii__i i:_iii!iiiiiii!iiii!iiii_!iiiiii_ii_!ii!9.00 1.00 0.00 !.03 452 Rc_mmntative vehicle for size category. Standard catalytic
!ii',ii'_!iii i!i _ oo_?,

, i

iiiiii_iiiiii i ii!iiiii i li_i 3.40 0.41 0.00 1.00 450 Replremmative vehicle for size category. Consistent with

iiii iiii iiiii i iii iiiiiiiiiii i!i!i!!i data _ _ guoli_. St_xlard _tal3_ic converter.

........................................................ ,, (}_Lt__ily hioh_r_NO, than _aaolin___ d_l d'_ to

ii_i_iiiiiiiiiiii iiiiii.................................................1.75 0.29 0.00 I.I0 447 highere.ombu_iontemlmmtur¢.Formaldehydenot
_ ' ......... included for methanol emiss/ons.

ii!_iii_iiii ii!iiiiii...........................................................l.S0 0.20 0.00 1.10 450

!iii iiiiiiiii!iiiiii i,,.._._._.............,......................................0.00 0.00 0.00 0.00 0.00 Near zero emissions. Rounded off' for manageability.
i iiiii ii

i!i_ii_i!!i!_!i!i!!!i!iii!_i_!ii!iiii!_i!iii_ii or I©ssof a conventional engine.

i i

o.o
ii__ii_iiii!i!ii_:!!iiii Due to less use and smaller size emission's are about ¼ of

i!iiii!i_,',ili!',ii!ii!ii!!iiiiii!iiii ili!i!ii_ _v,_ao__,,so
i!_ i!iii i ! iiii!iiii!:iii i!ilii 0.30 0.23 1.20 0.97 419 Rcpmmmat/ve vehicle, consistent with alcohol and..... . .... ..,H .......................... •......

ii!_iiiiii!iiiiiiiiiiiliilii ili..............................................................0.28 0.29 0.00 0.59 437 gasoline vehioles selected above.

iii_iiii', i',_iil ............................................................................................ZOO 0.10 0.00 0.25 100 Theoretically vmy low emissions, around ¼ ofI I Ill ii i

._.:_:....... ......... :,..., ..... :..... ,..:, .:.._.:,:.:.
• i

:;:_:::_:_:_::_:.;:_._:_._.:_;.._._:.:_:_:`;_;_.;:.:_:_;.:_:.:_._:_, ,.;.... i

::':':':::::'::_::":::::':::::':::::::'"'::'::<"':':'::'::':::::'::::":" vehicle.
i!i_ii__!_!ii_ii_ o.oo o.oo o.oo o.o_ o.o_

u For all technologies, pollution producedby the power source or fuel productionprocess is not included.
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TableF-I1. Minimum PossibleEmissions,Mid-SizeVehicle(Grams/Mile,2030)

1.70 0.04 0.00 0.20 250 Advancedcatalyticconvertersand

:_ib_ii,_,i,i_i_i,i,i_i_,:,!iii:i_.2s0.o4 o.oo0.202so r_fo,,,_,o,.=
ii!__::i_iii i_ii::i::i!_:i::!! l.O0 0.04 0.00 0.20 250
Fiiii_iii_ii!N_ii:i:iiiiiii:iiii:iiii:!ii?_iii_iii:!ii!iiiiiiili_!iil Advancedcatalytic conv_? s

,f i i i i i i i

i!i_ i:il ii! i ii::.:::iii:iii i 0.00 0.00 0.00 0.00 0.00 Power sour_ and aocidental leakage not

, !::_ ! i !!i iiiiiii:iI !i included.
• .. i 1.1.1 i i i a .111 ,i ....

i 0.40 0.01 0.00 0.04 60 Due to less use and smaller size, ICE's emissions
i_ii_i_i_!i_ii_i!_i!_!ii_iii:_iiiiiiiii_i!_iiiii!_ii_:_!_!_i_i:_i_ii_iii_i_iiii!iiii are _Aor less of conventional engine.

iii o.o o.o, o.oo o.o
!i_S_ilICEiii!iiiiiiiiiiii::!iiii!iiiii:i_?iiiiii!iiii!iiiiii! large ICE hybrid.:""i' "''""':'":'"':':'"'""""':':':':+:':':':'""'""' ......:':"':':,":_: ,

!_i__iii:__:'!ii o.o_ o.oo o.ooo.o_ 12
!i!._!i_ii:" : iiiii_!_!ii_ii.!! Advanced catalytic converter and reformulation.
.,;;...;..:::...::..........,.............:.. .......!!

ili!_:_i',i'!:i!i_i!i:::,i!;ii!iiii!i':_ii::_!_!!i'_!i:ii!o._o o.o_ o._o0.202so
Advancedcatalyticconvert_r.

_i_iii::i':i!i',!iiii::ii_iiiii::iiii,:,;i:::::ii!iiii!i!:_:iiii',i0.]0 0.04 o.oo 0._0 _50
........ .:......:.:.:.::......:....::.:...::........ :.....:.

__iii: :':_!_iiii 0.50 0.02 0.00 0.05 25 Advancedcatalyticconverter and reformulation.

::i::_:_ii! _.i!.ii._'i::::i:i:r!ii 0.05 0.00 0.05 0.05 25 Advanced catalytic converter.' " ": " i, ,:':" :'" "':" " " " :":[:':'"..... ,

ii_:_i!_i__,::,_i_'::,i!iil o.oo o.oo o.oo o.o_ o.o_
i!!ii_ii__iiii!!i:iii:i:_:i_:!:::::i:_!i:iiii.iliiiiiii.i_!i! Negligible emissions.

n For all tochnoiogies, emissions from fuel sourceand accidental leakage is not included.

For ethanol, the 30 to _0% _nnissions reductionmust be weighed against the considerable CO, CO_and niUogcn
compoundsproducedby growing, fertilizing,harvesting,drying and transportingthe crops to producethe fuel. EPA estimates
thepollution creamd by producingand burninga gallon'of ethanol is up to six times as much as producing and burnings gallon
of gasoline. However, aldehydes arc not produced(Frank,August 1992, p.106).
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IMPACT WEIGHTING

The weighting scheme assumes that all impacts will be in the area of health (85% of the

decision) or environment (15%) and will be based on each pollutant's contribution to impacts in

those areas. For example, CO2 has an impact on the environment but little or no impact on

health. For CO, the reverse is true. Note that we are not considering health impacts derived

from environmental impacts as health impacts. We are using the more conventional

understanding that, for example, COs is not considered a respiratory hazard (health) but is a

greenhouse gas (environment).

In general, the reasoning behind the weightings is as follows:

• Carbon Momxide (CO) -- A moderate health hazard for its role in surface-level

ozone creation; its environmental effect is negligible.

• Nen-Me/hane Hydmcarbem (NMHC) -- Serious health hazard for its significant

role in surface-level ozone creation; its environmental effect is negligible.

• Meeume (Met)--- Important greenhouse gas; negligible health threat.

• Nitmlgen Oxides (NO_) --- Serious health hazard for their role in surface-level

ozone creation; also a significant greenhouse gas.

• _ Dioxide (CO:) --- Statistically insignificant health impact but some

greenhouse impact.

The choice of the five pollutants (CO, COs, NOx, methane, and NMHC) was based partly on the

availability of detailed technical literature and partly on SAIC's judgment about the pollutants

likely to affect vehicle choice and public policy in the coming decades. Additional pollutants,

notably aldehydes and particulates, could have been added. The ultimate selection of five

pollutants was based on computational tractability. The specific inclusion of methane and non-

methane hydrocarbons was based on the need to distinguish natural gas-fueled vehicles based on

smog-related and non-smog-related emissions. The impact of the various pollutants per unit

emitted is assumed not to change over time.
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Table F-12. Pollutant ImpactWeighting Factors (Health vs. Environment)

i i i ill

_i! :i !!_::_: !::::_ii?:il'::i!i:i_ii::iii:::ii 0.85 0.02 0.44 0.00 0.39 0.00
-,'5'.:. -' " " -"." :' " ii

!i!__:: :i:!:,::_iii_',':i?'=o._s 0.00 0.00 0.09 0.06 0.ooo5
i i i ii i i i ii i

The database treats electric vehicles as zero-emissions vehicles (ZEVs) in accordance with
California regulations and shows them with zero emissions. Powerplant emissions are not

included in the database. Emissions for the gas turbineengines aregenerally guesses. Emissions

levels for the fuel ceils are approximatelyzero, except for NOr The emissions for converting

coal or naturalgas to methanolor hydrogenfor use in the fuel cells are not included. Similarly,

emissions from ethanolexclude the CO, CO,, and nitrogen compoundsemitted duringgrowing,

fertilizing, harvesting,drying,andtransportingthe crops. Emissions and leakagefrom tanks (e.g.,

CNG and hydrogen releases)are also not considered.

DECLINES IN EMISSIONS OVER TIME

The simple annual percentage rate at which the vehicle emissions decline is based on an

extensive review of the literaturefor both the vehicles and the fuels. The decay rates are

provided in the following table.

Table F-13. LDV & AFV Emissions Decay Rates

iiiiii!',i!iiiiiiiiiiiiii__ _','__ ..................I__ ........I............'_:_:'''_.....]i i iiii ILLJ I

ii_i_!__iil _,!ii',! ii ,ii !iiii:i _o.o_ _o.o_ o._ s._ o.o_..... ..... ,.-.... .,,:...; .....:.. ......... ....,: ,..; ..... : ........ .................... : , ;..
I[ I ,, i I I II,I I i I ., .

LII i i J II,lll I

!ii__'__ii__! ', i !__', o_ o.o_ o0_ 0o_ oo._
,, . i i iii ,i i iiii i i
:...::.;;::,,.;,.;::;:.:.':;',;:.::::;:;;:;;:::.::;.;:....:.:. :::,; ..:::.:.;:,.;.;.;:...:;;;;:,;;;:.;;.:;;;;;,,,;_.:.:;:,.,

!!i__ ii! i!i i!iiliili_!_iii!!ii!!iiiiiii!i!iiiii!........................................................................_....................,::.,........................................................10.086 10.0% 0.0% 5.0% 0.0%

ii!i__iiii!!!iiiliiiiiiiiiiiiii!iiiiiiiiil,._ ,o.o_,o.o_,._,.o_
_ii_ii__!_:__ii_iii_i:!::i_!_!1!_?!_i_::!i_?_i_:_:_iii_!!:_iiiii::i!;ii!i!_o.1% o.1% o.1% o.1% o.1%

I i ,
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In general, the following factors were considered.

• Gasoline -- Development of upgraded on-board computers for more precise spark

timing and fuel injection (so gasoline burns more completely and less HC's

escape); widespread use of catalytic converters that will eliminate up to 99% of

CO and NOx pollution by electronically preheating before a car starts; consequent
increase in CO2.

• Electric -- Assigned zero emissions in isolation of power source, therefore decay

function is also zero. Even if power source is included there will be dramatic

reductions compared to gasoline emissions, depending on fuel burned (natural gas

or coal) to generate power. Improvements in emission controls at the source :_e

expected to keep electricity ahead of gasoline.

• Electric Hylnid/Gas Turbine--- Gas turbine would emit insignificant amounts of

pollutants, so they may not need a catalytic converter. Without including power

source, the electric part would have zero emissions (see above paragraph.)

Although not yet engineered as such, turbine technology has been fully developed.

• Tmi)ine/CNG-- Widely used in other applications, with well-known emissions.

Fc_"passenger vehicle applications this technology will emit insignificant amounts

of pollutants and may not need catalytic converters.

SOURCES AND REFER]_CES:

• Gasoline-- Clean, highly efficient vehicles such as the M-Miller Cycle engine

vehicle are being developed in Japan (Japan 21st, 1992).

• Medumei Neat-- A dedicated vehicle has higher compression ratios, thus higher

heat and NOx than gasoline I.C.E.; high level of formaldehyde (Oil & Gas, Dec

1991, p.59); high level of carcinogen formaldehyde (Oil & Gas, Dec 1991, p.59).

• CNG--- The cleanest running nonelectric production vehicle available today full-

size Dodge van (Frank, August 1992, p.105). CO level is 1/2 to 1/10 lower, but

lqOx is. higher due to higher peak combustion temperature in the presence of

excess oxygen (Oil & Gas, Dec 1991, p.59).
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• LPG--- Low CO and HC, higher NO (Oil & Gas, Dec 1991, p.60). In the 1992

Ford F-700 Medium Duty Truck, HC and NOx are significantly lower than their

conventional equivalent, while CO emissions are comparable (NREL, 1992, On

line).

• Fuel Cell/Hydrogen and Methanol --- Would meet California's no-emissions

requirements for 1994 (McCosh, 1992, p.29); cleanest emissions of any fuel;

emissions are water and a low quantity of NOx (SAIC/report, 1991, p.22);

temperature of the electrochemical reaction is low enough to keep NO_ from being

a problem (Romano, 1989, p.75).

Production process reverses gains in emissions; CO2 & NO_ are byproducts of

hydrogen production (Ondrey, 1992, p.30).

Japan in investing in hydrogen-burning vehicles that are far cleaner than any other

AFV (Maruyama, 1991); environmentally friendly HR-X by Mazda, a prototype

with a hydrogen-burning rotary engine developed already (Japan 21st, 1992).

• Gasoline-- Upgraded on-board computers for more precise spark timing and fuel

injection; future catalytic converters may eliminate 99% of pollution by

electronically preheating before a car starts (Woodruff, 1991, p.56).

Possibilities of catalytic converters: Ford's 1993 Escort/Mercury Tracer models

pass California's 1994 TLEV standard; Corning's EHC prototype passes 1997

ULEV standard (Cogan, September 1992, ps.35); 96% HC and 76% NOx reduction

comparing 1992 tO 1960's vehicles (Frank, August 1992, p.103); improvements in

refueling connection (Oil & Gas, Dec 1991, p.38). By 2003 the CAA could

require 25% of all US cars to cut HC by 40%, and NO_ by 50%. By 2006 100%

of US cars must meet that standard (Woodruff, 1991, p.59).

• Electric--- Dramatic reductions compared to gasoline emissions depending on fuel

burned (natural gas or coal), emissions controls at the power plant and type of

generating equipment (Fraak, August 1992, p.105).

• Eie¢_i¢ Hyblid/Turbine--- No direct reference. See relevant entries ELECTRIC

above and TURBINE below.
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• CNG--- Considerableimprovementpotential for emissions in three areas: fuel

metering and mixing, lean/dilute combustion systems, catalytic converters
(Weaver, 1991, ps.4-7)..

• Turbine/Gasoline--- Gas turbinewould emit insignificant amountsof pollutants,
may not need a catalytic converter (The Economist, September28, 1991, p.95).

• Fuel Cell/Hydmllen--- Hydrogen already is the cleanest fuel available; only

emissions are water and small quantitiesof NOx (SAIC/report,1991, p.22).

/'

FUEL OPERATING COST

This section documents fuel operating cost in the database. The output of the database is

operatingcost for eight fuels, for nine regions, through three penetrationscenarios (base, high,

and low), from 1990 to 2030. The resultsare expressed in constant 1990 $/MMBtu.

The general approachis to establishthe currentnationalaveragefuel operatingcost for each fuel.

Regional differences areobtainedusing a percentagedeviationfrom the minimumregional price

and are assumed to remain constantover time. The sustainability of any such regional price

deviations absent government intervention(or unusually skewed tax policies) is questionable.
This issue is raised in Section 2 of the report.

Projectedoperatingcosts are found using a compoundannualpercentagefuel price escalationrate

for each individual fuel, for each scenario (base, high, low).

The inputs used to forecast fuel costsare:

• Fuel operating cost in 1990 $/MMBtu.

• Regional fuel price differences, as a percentage deviation from the minimum
i_egionalprices, by region, by fuel.

• Fuel price escalation, compound annual percentage, all fuels individually, by
scenario.
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The approachhas the following advantages:

• Projectedfuel pricesshouldbe relativelyconsistentvisa vis conventionalgasoline

and other fuel prices.

• Updating and revising figures based on futuredevelopments are facilitated.

CURRENT AVERAGE FUEL OPERATING COST

Operatingcost is derived from the currentnationalaverage retailprice usuallygiven in S/gallon
or similar measure. To allow comparisonsbetweenfuels, retailprice was convertedinto dollars

per energy content ($/M tu). Retail prices by fuel are tabulatedbelow.

Table F-14. Average Fuel Prices, $1990
• L Irlllll I IIIIIIIIIIIIII . II I II III I

Gasoline $9.70
I I II II

l_)iewl $'/.69
I III III IIIIIll I

Ethanol SI4.55
i H II __

Methanol $19.23
I iiii IU II

CNG $8.50
i i, iH Jl Hi |

LPG $7.83
i i ii

Electricity $23.53
l ili | i HII li

Hydrogen $30.00
,i Ill I __

REGIONAL DIFFERENCES, ASSUMPTIONS, AND CRITERIA

Regional fuel prices are calculated by adding a percentage price differential to the national

average retailprices foundin the precedingtable. The price differentials for each regionshown
in Table F-15 are based on factorssuch as proximityor access to majorports, productionfields,

refineries, state/regional consumer price index, adequate infrastructure,local producer and
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govemm_t support. These factors, assumptions and caveats are discussed after the table. The

sul:mequentnotes raise questions about the sustainability of these differences in a national market.

!

Table F-15. Regional Fuel Price Differences
_,_1 , . iiiii _ , i|11[ ill|ill I ii iiiiin Ill III Ilnll !1 II I

IIIIII I II II I 1 III I .... ,,, ,,_

i!i_il i}ii_iiii!iiiiiiiiii',iiii_iiii'/o.os o.o_s 0.025 o.o, 0.025 o o.os o.o_ o.o_!!:!:!:_!:_i::!i!iii!!!!ii_::i:i!i!!!i!!!ii!!!!:!_!!_ii_!:!:!!_!!:!::_ii:_:!_!_ , ,. ,. , ,,,, ,

--- ,........................ I I IIII I . I iiii I

il;;;:;'"'" '"":"....... '" ii!iiiiii?!!iii!ii!i!i!!!iiiiii!i!i!o.o,,, o.o, o o o.o, o o.o, o.o............... ''r'. '. /'' ', ........
• . l li I i i i i .ml|| i , i| ,,ii ......

..i!!_iiiiiiiii.,..........,_ __,ii!ii!iiiiiiiii!.....o.os o.o_ o.o_ o.o_ o.o2s o o.os o.o2s o.o_:;:_:.:.': ,, , , ,, ,, ,,,,,, .....

iii_ii!iiiiiiii!ii!iiii_iiiiiiiiii!_i_!ii_i_ii:o.os o.o_s o.o_-_so.o_s o.o_s o o.o2s o o.o2s
' '_':':'":'_'"""__"' ""i'""i,i',i];i_i:'i i i; '" : r,., ,, , ,,. ,.. , ........
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;::..,.,

:ii,,_:,ii'/,i_,ii',_,ili'_i!iii!;_',iii',ii!iil;'_ii:;i:,:/,i!,,,',/,i:,i;,o.os o.o_s o.oas o.o_ o.oas o o.os o.oas o.o_
i iiiiiiiiiiiiiiiii: ................0. I 0.05 0.025 0.01 0.025 0.01 0 0 0.0375

. . IL I II IIIII IIII II iii i i iii iiii Ill -

_'"' " • ': ' ' '"" : ......... " i ., , ,...,,,, ,,,, , ,.,

Abl_viat/om:

NE NewEngland
MA MidAtlantic
St, SouthAtlantic

ENC Em NorthCentral
WSC WestSouthCentral
WNC WestNorthCentral
MIN Momtata
PAC Paeifi¢

EXPLANATIONS

• Gasoline---In the U.S. national market gasoline prices are essentially the same.

• Diesel---In the U.S. national market diesel prices are essentially the same.

• £dmael---Mainly producedfrom cornin Midwest states;the regionsthat arepart

of it, or closestto it, enjoy lower prices due to advantagessuch as access,
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convenient transportation, and local support (i.e., state subsidies, farmers interests).

• Metlumol -- Mostly imported, therefore regions enjoying proximity and easy

access to major ports and processing infrastructure, i.e., Los Angeles and New

Orleans, would have a price advantage. The Pacific region also benefits from

California's acute interest in this fuel, i.e., special incentives from the state.

Inflexible infi'astrucmreand the high cost of living in _ andWNC explain higher

prices in those regions.

• IDecui¢ity- Regions with access to relatively abundant and cheap power

produced by hydroelectric and coal-fired power plants benefit, e.g., WNC, WSC,

MTN, and ENC. More expensive power from regions without low-cost fossil

fuels drives prices up in _ and MA.

• CNG- Proximity to the rich fields in WSC and _ benefits those regions and

ESC, WNC, ENC and PAC. Competing imports benefit areas near major ports,

i.e., PAC, ESC. The high cost of living and inaccessibility to fields drive prices

up in N'E.

• I,PG- Access to competitive imports and refineries benefits PAC, ESC and

ENC. Local production and support would benefit ENC and PAC. Higher

transportation costs, infrastructure inflexibility and higher cost of living puts 1_

at a disadvantage.

• Hydrogen-- Access to abundant raw materials, i.e., especially low-cost electricity

benefits such regions as PAC, ENC, SA, WSC. Infrastructure and local support

also push prices down in PAC. WSC, and MTN.

IMPORTANT ASSUMPTIONS AND CAVEATS

• Regional fuel price differences may persist due to transportation costs from

producing or importing regions. These differences, however, are likely to be no

more than $.05/gallon equivalent and are generally less than differences in state
excise taxes.

• Differences in state excise taxes within a region can easily exceed differences in

transportation costs from region to region.
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• Electricity is shown at an average price. Off-peak electricity will cost less and on-

peak electricity will cost much more. If EV sales are induced with the promise

of daytime refueling at the office, much higher charges than those shown on the

table will apply.

PROJECTED FUEL OPERATING COSTS

Projected fuel operating costs are found using a fuel price escalation rate. This section describes

the escalation rate in more detail, and provides a representative sample of the output.

FUEL PRICE ESCALATION .RATE

The escalation rate is a compound annual percentage, applied to each fuel individually. The rates

for each fuel and the assumptions behind them are shown below.

Table F-16. Fuel Price Escalation Rates
! { I . I I Illl __ Ill I 1 II I

_ _ _ _ _ "_ _ _I_'_ _ _" _ _ _ _ _ _ _'_ _ _ _ _" _ :;_ _ _ _ ::_ " I _ ';_ _ '_ _ _ _ _ _*_/0_ _ _* _o"S " _ _ _ _: I_I'I; "_ ' _i _ _ _::...........'""::"_=::il:il''::::':':'::':::_'::'":':":'; II I 'Ill II I II

iiii_::_i%iiii_i::_iiii_::i_!i_iiiiiii_i_i_ _ output,m_ capacity, etc.

ii!i!i!!!iiiii!i!iiiiiiiiiiiiiiiiiiiiiiiiiil3. =--'---incorporated,and due to the cyclical nature of the corn crops, the escalation rate
wouldbe the hil_hestforall ATFs.

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::i:!:i',i:!:!:_:!:i:i:i:;

!ii!i!__iiii!i ii! 1% Assumin8it is pcoducedmostlyfrom =heapimportswithoutsisnificantsupply
dis_tiom.

I =,H H = =H ii =,

::::::::::::::::::::::::::::::::::::::::::::::::::://::::::::::?::iiiii!iiiiiiiii!i!iiiiiii!ii! for m-_ts wht_ incrcuins capacity would be prohibitive.
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: I I I I II j Ill Illl I Ill Illl

;=_iiiii'_i!iiii_!;iiiii_ilili_',iil;!_',;i;!;',;ii_,_ _y _==p._. r.====u.s...,/...,.....:...:....: .:.:. '....... :.:....:.:,.,..:.,....,:.....;.:.:.:.'.,:.:.

II I | I I I Illll _

•=._=nin8theourmnttrendinproductioncostsreduction¢ontinu_,and

__ _l 1% assmnin_thatsuffici_tpow_forproductionprocessisobtain=dfroma
reliablesource.

I .... III I IIV I [ i i i, iill
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SOURCES OF ESTIMATES:

• Gasoline-- Escalation rates for periods: 1990-95 = 1.3%, 1995-2000 = 3.18%,

2000-2005 - 1.63%, 2005-2010 - 1.24 (D.O.E., July 1991, p.25); escalation rates

due to reformulation: from 1990 to 2010 a 13.53% increase every five years

(SAIC & Oil & Gas, Dec 1991, p.61). Fuel prices will go up as oxygenate-

hydrocarbon shift takes place by replacing aromatics with ethers (Unzelman,

1991).

• Diesel -- SAIC.

• Edmmi --- Current production is 1 billion gallons per year; 3 to 8 billion gallons

possible by 2010 without exerting strong upward pressure on feedstock prices.

• Melhanei --- Increase of 19.31% every ten years (SAIC & Oil & Gas, Dec 1991,

p.60).

• EiecUi¢ity--- SAIC.

• CNG--- Increase of 29.18% every ten years (SAIC & Oil & Gas, Dec 1991,

p.60).

• LFG--- Increase of 27.94% every ten years (SAIC & Oil & Gas, Dec 1991, p.60).

• Hyd:_gen-- Projected operating costs for five-year intervals: $0.69 per mile by

year 2000, down to $0.18 by 2005, $0.15 by 2015, and $0.12 by 2020

(SAIC/report, 1990); the fuel is projected to be cost equivalent with $1/gallon of

diesel in the near future (SAIC/Ballard, 1992, p.1-22); demand stimulated by the

Clean Air Act (CAA) of 1994; already there is new related investment; new

production processes could cut costs by 5-10% and increase capacity by 50% (i.e.,

high temperature steam electrolizer); 80% of production costs are electricity-

related (Ondrey, 1992, pp.31-35).

lrOZl, rmE_S IN Tim i,rrntATOlm

(In Gasoline-Gallon-Equivalent Unless Specified)

• Gasoline-- $11.00 per MMBtu (reformulated) By the year 2000 (SAIC/report,
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1991, p.26). $1.25-1.39 by the year 2000 (C.E.C., 1989, p.ll). $1.58 (D.O.E.,

July 1991, p.25). $0.20 per gallon rise for reformulated gasoline (Woodruff, 1991,

p.56). $0.32 per gallon (19905) for gasoline reformulation for $2.08 pump price

in the year 2010; 26 cents for $1.70 by 2005 (Oil & Gas, Dec 1991, p.59).

• Elhaml Flex--- $1-1.50 per gallon under expanded fuel ethanol program;

produced from corn (EPA, April 1990, p.i).

• _i Neat--- $17.70 per MMBtu by year 2000 (SAIC/report, p.26).$2.33 by

year 2000 (C.E.C., 1989, p. 11).

• Mdtmei Flex-- $1.01-1.14 established market with guarantees. $1.14-1.35 with

few guarantees (O.T.A., 1990, p.76). $1.39 by year 2000 (C.E.C., 1989, p.l]).

$2.79 (Oil & Gas, Dec 1991, p.60).

i

• MeUmaei Neat--- $0.55-0.83 wholesale per gallons of methanol, by years 2004-

2007 (CRS,1989,p.16). $1.35-1.75 by 2007 (A.P.I., August 1989, p.10). $14.50

MMBtu by year 2000 (SAIC/report, 1991, p.26). $1.29-1.37 during a transition

phase, with strong market guarantees,S1.61-1.81 with few guarantees. $0.89-1.09

for an established market, with strong guarantees. $1.02-1.27 with few guarantees

(O.T.A.,1990, pp.75-6).

• Electric--$18.00MMBtuby year 2000 (SAIC/report, 1991, p.26). $1.31 byyear

2000 (C.E.C., 1989, p.ll). $5.28 or 15 cents kw/hr if produced with nuclear

power (Oil & Gas, Dec 1991, p.61).

• CNG--- $9.60 MMBtu by year 2000 (SAIC/report, 1991, p.26).$0.84 by year

2000 (C.E.C., 1989, p.ll). $2.16 (Oil & Gas, Dec 1991, p.60).

• I,PG-- $0.98 by year 2000 (C.E.C., 1989, p.ll). $1.29 (Oil & Gas, Dec 1991,

p.60).

• Fad Cell/llydmgen-- $0.18 per mile (SAIC/report, 1990); below $2.00 if

substantial improvements can be made in photovoltaic technology (O.T.A.,1990,

p.129). $3.50 if nuclear power costs 15 cents kw/hr (Oil & Gas, Dec 1991, p.61).

$0.10 per mile year 2030 (SAIC/report, 1990) More efficient solar energy

technology (substantially above 30% today) is needed to produce hydrogen by
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electrolysis (Tyler, 1990, p.20); research into photochemical and photovoltaic

conversion (Gross, 1992, p.74; & Hodgson, 1991, p.58); pre and post-reformers

to increase capacity of existing hydrogen plants, boost yields, no major changes

in existing basic technology (Ondrey, 1992, pp.31-35). Efficiency improvements

in the production of hydrogen can be expect to reach 70 to 90% once improved

electrolysis methods are developed (Tyler, 1990, p.20). Promising production

met/:ods may bring hydrogen closer to gasoline's production cost, e.g.,

photobiological and photochemical conversions (though the latter's theoretical

maximum efficiency is 32%)(Hodgson, 1991, p.58); hydrogen is the most likely

main energy source replacing oil in all applications in the 21st century

(Templeman, 1991, pp.60-61).

FUEL AVAILABILITY

This section documents fuel availability in the database. The output is fuel availability as a

percent of gasoline availability for eight fuels, for nine regions, from 1990 through 2030, through

three penetration scenarios (base, high, low).

The general approach is to determine current and ultimate fuel availability as a percentage of

gasoline availability (assumed to be 1). A number of current fuel availability factors were

considered in creating a percentage index for each fuel. Projected availability is determined by

changes in these factors over time, which are represented by an exponential rate of closure in the

current availability gap between gasoline and each of seven alternative fuels. The rate of closure

changes for each of three penetration scenarios (base, high, low).

The data reported in this section are uncertain and of questionable usefulness due to the uncertain

specification of availability in the model. The values reported in this section must be read in the

light of the subsequent extended comments on modeling problems related to fuel availability.

The inputs used to forecast fuel availability are:

• Current regional fuel availability factors, as a percentage of gasoline availability,
for all fuels.

• Fuel availability growth factors, represented as an exponential rate of closure in

the availability gap.
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The approach has the following advantages:

• Projected alternative fuel availability index values should be relatively consistent

vis a vis gasoline and other ATF availability indices.

• Updating and revising figures based on future developments are facilitated.

CURRENT FUEL AVAIL.#NLITY

Current alternative fuel availability regional differences are expressed as a percentage of gasoline

availability in the base year 1990 as shown in the following table. Important limitations on these

values and their usage are subsequently discussed.

Table F-!7. Base Year (1990) Fuel Availability, by Region
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FUTURE AVAILABILITY

Changes in infrastructure and other growth factors that are demanded by an economically

significant ATF are discussed in this section,, along with pertinent assumptions and caveats.

Future availability is determined by changesin the regional availability factors outlined in the

previous section. Such changes affect the differences between gasoline and each ATF, so they

are represented by an exponential rate of closure of the availability gap between gasoline and
each ATF.
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GASOLINE INFRASTRUCTURE AND OTHER GROVVT,H FACTORS

There are roughly a million gasoline stations in the United States at the present time. For any

ATF to be accepted by the public a certain threshold of availability must be reached (aside from

economic and other considerations). Attaining the threshold level would require government and

private investments in infrastructure in the order of tens of billions of dollars in a very short time.

It would also exclude the possibility of having more than one or two competitive different fuels

at one time. The infrastructure required would vary considerably from fuel to fuel. The

implications are explored for each fuel below.

• Ethanei and medumoi --- a large proportion of the existing equipment could be

easily adapted as these two fuels have obvious physical similarities to gasoline,

i.e., use same pumps and dispensing equipment. However in the case of methanol,

its corrosive nature would demand upgrading the system's reservoirs and pipes.

There are additional expenses associated with differences in water tolerance and

fuel contamination, fire, and explosion hazards.

• CNG and LI_--- there is a small infrastructure capable of handling vehicle fleets

successfully. Both fuels are, and will continue to be, attractive for the vehicle

fleet subset, because a central refueling site can service the entire fleet. However,

for private passenger cars, adapting a single existing gasoline service station would

require a minimum of $250,000 for a compressor. Such a price tag would rule out

a wide distribution network for passenger vehicles unless there is some

government subsidy.

• Eieclricity--- the extensive existing electricity infrastructure should be capable of

servicing a large number of vehicles in terms of megawatts of off-peak capacity.

On-peak demand would cause massive cost and availability problems. Moreover,

since long refueling time would make service station refueling impossible, costly

adapters would have to find a place in every user's household.

• Hydrogen-- although there is an almost limitless supply of raw materials (e.g.,

water), there is no existing infrastructure for the distribution of hydrogen.

Hydrogen's low mass makes it expensive to store since it must be liquified or

bound to other substances. For these reasons reaching the necessary threshold

level would involve a much higher price tag than for other ATFs.
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EXPONENTIAL RATE OF CLOSURE

Thegrowthfactorsdescribedabovewereusedto determinethe exponentialrateof closurein the
availability gapbetweengasolineandeachATF, for eachpenetrationscenario.Assumptionsand

caveatsin additionto the onesoutlinedaboveareprovidedafterthe table.

ASSUMPTIONS AND CAVEATS

• Acceleratedexponentialratesin all penetrationcases,especiallyin thehighcase,
suchthat a commonmarketwouldappearin the UnitedStateswithin ten to

twentyyears.Themarketarrivaltimespanfor eachfuelwascalculatedbasedon

each fuel individuallywithout any other ATF challenger. Sucha individual

competitionapproachis inconsistentwith the modelspecifications.

• Regional differences in availability are highly unlikely in any national market,
though they can exist initially.

• Even thoughregional fuel pricedifferences may persist due totransportationcosts

from producingor importingregions, availability differences cannot,and will not

persist if a national marketdevelops.

• It is not clear what constitutes availability for EV's, i.e., whether refueling time
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refers to recharging batteries as opposed to switching them. Therefore arbitrary

assumptions have been made for this category.

SPECIFIC REFERENCES AND SOURCES

• Gasofiae-- Reformulated gasoline may require $20 to $40 billion in upgraded

refineries (Woodruff, 1991, p.56).

• Methaael-- Cannot be integrated into current distribution system without

modifying the system: water tolerance and fuel contamination, materials

compatibility in storage and distribution systems, fire and explosion hazards

(A.P.I., September 1990, p.27).

• CNG---- High pressure compressors cost $250,000 each (Woodruff, 1991, p.57).

• LPG--- There are 10,000 propane refueling stations in the United States (Frank,

1992, p.106).

• Hydxegen--- Supp!y of Hydrogen (Frank, August 1992, p.106).

VEHICLE RANGE

This section documents vehicle range in the database. The output of the database is vehicle

range in miles for sixteen technologies for three vehicle sizes, through three penetration scenarios

(high, low and base) from 1990 through 2030.

The general approach is to establish range (defined as average current miles between refueling)

for a small vehicle, through an extensive literature search. The findings are used as base range

figures to derive the other two vehicle sizes (e.g., large and medium) using a range credit or

penalty. The credit/penalty is expressed as a percentage that lowers the base small vehicle range.

Projected range is found by applying an annual simple percentage gain on the base current figures

for each technology.
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Thus, the inputs used to forecast vehicle range are:

• Miles between refueling for small cars in 1990, for all technologies.

• Range credit or penalty for mid-size and large cars in 1990, all fuels.

• Annual simple percentage gain in range, by vehicle type to 2030.

The results are displayed in miles for all vehicle-fuel types from 1990 to 2030.

CURRENT VEHICLE RANGE

This section describes current vehicle range. For each technology, the base small vehicle range

in 1990 is based on the average number of miles between refueling found in the literature. These

figures are shown in the following table, which also features the range credit or penalty for

vehicle size. The credit is expressed as a percentage ranging from -10% to -15%, for mid and

large size vehicles respectively. Sou:ces for these figures are provided at the end of this section.

NationalEnergy ModelingSystem

Tr_ ModelDemand SectorDoa&mmmUmUonReport F-60



Table F-19. Current Small Vehicle Range and Size Range Credit
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SPECIFIC REFERENCES AND SOURCES: (Range in Miles)

. Gasoline-- 424 (U.C.E.T.F., 1990, p.40).

• Diesel-- 488 (U.C.E.T.F., 1990, p.40).

• Elhmol Flex--- 331 (U.C.E.T.F., 1990, p.40).

• Mellumoi Flex-- 350 for 1991 Ford Taurus 4D sedan; 400 for 1992 Ford

Eeonoline van (NREL, 1992, on line); lower range than gasoline's by 40-43%, by

1995 38-41% (D.O.E., August 1990, p.13); 292 (U.C.E.T.F., 1990, p.40).

• Medumol Neat--- 265 (U.C.E.T.F., 1990, p.40).
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• Elecni¢-- 120 for 1992 GM Impact (G.M. Impact, 1992); 100 for Ford small van

(NKEL, 1992, on line); Pb-acid battery = 44, NiFe = 90, NaS = 207

(D.O.E.,August 1990, p.13);100 (U.C.E.T.F., 1990, p.40); 340 at 25 mph for

Tokyo Electric Power prototype (Gross, 1992, p.74).

• Electric Hybrid/Im_e LC.E.-- 250 for 1993 Ford small Van (NREL, 1992, on

line); 40 for electric engine extended range gasoline i.c.e, for the LA301 by

International Automotive Design's (The Economist, September 28, 1991, pp.95,96).

• Electric Hybrid/Small LC,F.,-- 300 for GM's I-IX3gasoline prototype; 40 kilowatt

generator to recharge its own batteries (Woodruff, 1991, I).59).

• CNG-- 200 for 1992 GMC medium-duty truck (GM Natural Gas Powered,

1992); 200 for 1992 Chrysler Dodge B-series van/wagon NKEL, 1992, on line);

1990-95 lower than gasoline by 61% 03. O.E.,August 1990, p.13); 106 (U. C.E.T.F.,

1990, p.40).

• I,PG--- 34 (U.C.E.T.F., 1990, p.40).

• Fuel Cell/llydmgen--- 300-500 with electric engine and improved storage, i.e.

liquid or absorption process (Rouse, 1991, p.15); 190 for BMW's liquid-hydrogen

storage vehicle; 75 for Mercedes hydracide vehicle (Romano, 1989, pp.60, 61).

PROJECTED VEHICLE RANGE

Projected vehicle range for all technologies is found by applying an annual simple percentage

gain to the current base for each technology. The annual gain is assumed to be 1% because most

improvements in technology apply equally to all fuels, i.e., reduce air drag, advanced body

materials. It is also assumed that there will be similar advances in areas that are not shared

because the rationale for investment in R & D is the same regardless of fuel technology, i.e., fuel

reformulation, engine enhancements. Market penetration does not affect the annual gain;

therefore, the rate of 1% is valid for all penetration scenarios.
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Attachment 3: LDV Stock Module

Fuel Economy Gap Estimation

INTRODUCTION

This attachment presents long-term projections of the fuel efficiency degradationfactor for

automobilesand light-dutytrucks. The projectionsarebased on the analysis of importanttrends
_ndriving patternsthat affect fuel economy. These trends include the increase in urbanshare

driving, urban congestion, and highway speeds. The projections are developed for the period

1990through 2030. This appendixalsooutlines other efforts to projectfuel economy degradation
factors. 24

BACKGROUNO

A discrepancy existsbetween automotive fuel economy as measured by the Environmental

Protection Asency (EPA) under controlledlaboratoryconditions and the actual fuel efficiency

observed under real "on mad" conditions. Public and private organizations such as the

Department of Energy (DOE), the Environmental Protection Agency (EPA), Ford Motor
Company, General Motors Corporation,and Mitsubitshi Motors Corporation have conducted

independent research on fuel economy, in the past, confirming this discrepancy.25 The fuel
efficiency degradationfactor(also knownas "the gap") measures this discrepancyand is defined

es the difference between on-road fuel economy and EPA tested fuel economy.26 When fuel

economy is expressed in terms of miles per gallons (MPG), the degradationfactor or gap is

u This appendix is taken froma reportwhich was prepan_ by Decision Analysis Corporationof Virsinia (DAC) for the
Enmsy DemandAnalysis Bran©hof the Ener8y InformationAdministration_EIA), underTask No. 920 I0, Subtask I, Contra_t
No. DE-AC01-92E121946.

u Davis, S. and Morris,M., Oak Ridse National Laboratory,TransoortationEnert_yData Book: Edition 12. ORNL-6710,
(Edit/on 12 of ORNL-$198), p.3-9,Matuh 1992.

a, Wulbmok, F. andPatterson,P., "Clumgia8 D_via8 Patternsend TheirEffect on Fuel Economy,"presentedMay 2, 1989
at the 1989 SAE GovemmenVindusuy Meet/uS, Washia8ton, D.C.
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formulated as:

GAP - EPA Test MPG -On-Road MPG (2)
'EPA Test MPG

On-road ,fuel efficiency depends on several determinants which can be classified into

technological factors, driver behavior and habits, driving trends, and road and climate conditions.

Furthermore, the magnitude of the gap between tested fuel efficiency and on-road fuel efficiency

depends on the specific procedures and conditions used during the test and the closeness of the

formulations used to represent real driving conditions.

EPA fuel economy estimates for cityand highway driving are published every year for each new
model available in the U.S. 27 These MPG estimates are obtained based on vehicle tests

performed under controlled laboratory conditions and then adjusted downwards to reflect actual

driving conditions. Separate tests are used to generate the city and highway MPG estimates.

The EPA city fuel economy estimates are based on a test that simulates a 7.5 mile, stop-and-go

trip with an average speed of 20 mph. The trip lasts 23 minutes and has 18 stops. About 18

percent of the time is spent idling, such as waiting for traffic lights or in rush hour traffic. Two

types of engine starts are us_: a cold start and a hot start. The cold start is similar to starting

the car in the morning after it has been parked all night. The hot start is similar to restarting a

vehicle after it has been warmed up, driven and stopped for a short time.

The EPA highway fuel economy estimates represent a mixture of "non-city" driving. Segments

corresponding to different kinds of rural roads and interstate highways are included. The test

simulates a 10-mile trip trod averages 48 mph. The test is run from hot start and has little idling

time and no stops.

EPA adjusts these laboratory fuel economy estimates downwards to reflect actual driving on the

road conditions. In the 1992 Gas Mile_e Guide: EPA Fuel Economy E_mates the city estimates

are lowered by 10 percent and the highway estimates by 22 percent from the laboratory test

results. These adjusunent factors represent the EPA estimates of the fuel efficiency gap for both

city and highway driving.

ii i

DOF,/EPA, Gas Mileaae Guide: EPA Fuel Economy Estimates. DOF,/CE-0019/10.
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Fuel economy can also be represented by a composite number that combines city and highway

fuel economies. EPA computes composite fuel economies using the following formulation:

.[ o.ss. o.4s]" (3)EPA CompositeMPG LMPG_ M_h

where:

MPG.= Mil. pergallonforcitydr/ving
blPG,= Milespergallonforhishwxydrivin8

EPA's composite formulation is developed based on 55% city driving and 45% highway driving.

This formulation, combined with the EPA city and highway fuel efficiency gaps, leads to a base

composite MPG gap for all new vehicles of 15 percent.

Previous attempts at estimating the base fuel efficiency gap have been made. In 1978, McNutt

et el., measured the gap for model year 1974 through model year 1977 cars. The resulting

estimates of the gap were between 6 and 9 percent.2s In 1984, Hellman and Murrel estimated

a composite MPG gap of 15 percent._ More recently in 1992, Oak Ridge National Laboratory

(OR_NL) reported composite gap estimates that apply to all automobiles and light trucks in

operation. 30 The ORNL base composite gap estimate for all automobiles in operation pre-1974

to 1989 was 15.2 percent. The ORNL gap estimate for light trucks in operation pre-1976 to 1989

was 28.3 percent. For this analysis, ORNL used EPA tested fuel economy data which was

verified by the National I-Iishway Safety Administration (NHTSA). These data were compared

against on-road fuel economy data from (1) the Federal Highway Administration (FHWA)

Hiehwm7 Statistics 1989. (2) the Department of Energy, Energy Information Administration, 1988

Residential Transoortation Enerw Consumvtion Surv_ (RTECS), and (3) the Bureau of the

Census, 1987 Census of Transportation, Truck Inventory and Use Survey (TIUS).

Very few attempts to forecast trends in the fuel economy gap are available. In 1989, Westbrook

and Patterson analyzed trends in driving patterns and produced forecasts of the fuel economy gap

= SAE 780037

1, SAE S40496

m Davis, S. tad Mon_, M., Oak Ridp Natioaal Laborato_/,Tnms0owmtionErieray_ ]_}ataBook: Edition 12. ORHL-6710,
(F.ditioa 12 ofORNl_$19$), p.3-9,Mamh 1992.

Maples,Joha D., tad PhilipD. Pattenton,"TheFeel EemaomyGap for All Automobiles end Lisht Trucksin Operation,"Draft,
Wx_inpm, DC,1991.
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for the year 2010. 31 Their results indicated a composite gap of 29.7 percent for automobiles for

the year 2010. This combined fuel efficient gap corresponded to a city fuel efficiency gap of

23.5 percent and a highway fuel efficiency gap of 30.5 percent. Organizations such as Data

Resources Incorporated (DRI) and Wharton Econometrics Forecasting Associates (WEFA) use

values for the degradation factors that remain constant over their forecasting horizon. The

Department of Energy (DOE) and the Energy Information Administration (EIA) in the 1990

National Energy Strategy (NES) projected the fuel efficiency gap to reach 30 percent by 2030

in the NES reference case.n The projected gap for the High Conservation and the Very High

Conservation cases of NES were 25 and 20 percent respectively. Also, EIA in the Annual Ener_

O¢tlo_k 1992 (AEO) projected the fuel efficiency gap to increase from 20 percent in 1990 to 25

percent in 2010.

An ongoing effort by DOE's Office of Transportation Technologies in conjunction with the

University of Tennessee is focused on forecasting the fuel efficiency gap for automobiles and

light duty trucks through 2010. This work considers three scenarios based on differing

assumptions about urban shares, highway speed, and congestion trends.

This attachment presents independent projections of the fuel efficiency gap to the year 2030 for

two vehicle types:

1) Automobiles, and

2) Light Duty Trucks

The projections are generated based on the analysis of three important trends in driving patterns

that affect fuel efficiency. These factors are:

1) increasing urban share of vehicle miles traveled,

2) increasing average highway speed, and

3) increasing level of urban highway congestion.

3_Wecthmok, F. andPatterma,P., "ChangingDriving Pa_ms and TheirEffect msFuel Economy,"presentedMay 2, 1989
at the 1989 SAE Oovemmeat/IndustryMeeting, Wuhinstoa, D.C.

n EIA,PziNZSX.._oti0n andConservationPotential:Suoeortina Analysis fortheNafi_a_ ]_nemvStntteav.SR/NES/90-
02, Service Report,p. 89, WLshingtea,D.C., December 1990.
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Initially, forecasts for each of these factors were developed based on two different growth
scenarios:

I) Logistic Growth, and

2) Linear Growth

These scenarios are fully describedas follows, using urban sharegrowth as an example:

Appnx,ch

Figure F-I shows the historical urban share of automobile VMT driving from 1972 through 1990

and a logistic curve fitted to the historical period and extended through the year 2030. The

logistic share values are developed based on a logistic functional form originally formulated by

Fisher and Pry 33and defined by"

wbsm"

is _ urbanshaminyeart,

is the urban shareasymptoticlimit, a and 13are parametersof the logistic curve det'med by:

a = In[_ I (f".-_.}], (S)

J3= (1/hU)ln[(f0.4_.)I _1, ($)

w_"

is tl_ ba_ yearurbansh_, and

h" is thehalvingfactorforthelogisticcurve.Thehalvingfactoris thetimerequiredfromthebaseyear
fortheurbeashareto reachthemidpointbetweenitsbaseyearvalueanditsasymptoticlimit.

u Fbher, J.O. tad Pry,ILM., "A Simple SubstitutionModel of Teclmology Change."Technoloaical Foreeastinaand Soci_l
Vol._, pp.75-88, 1971.
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The logistic curve in Figure F-I represents the curve that best fits the historical data on urban

share for the 1972-1990 period. This curve is generated by assuming two logistic parameters and

by selecting a base share year. These two parameters are the asymptotic limit and the halving

factor. The asymptotic limit represents an upper limit to the growth of the urban share. The

halving factor is a measurement of the time needed for the share to reach this upper limit. The

values for both parameters are specific to the best fit curve and they are determined using an

iterative approach which minimizes the sum of the squares of the difference between the

historical shares and the logistic estimated shares.

If it is assumed that the urban share will continue growing linearly, the impact on the fuel

efficiency gap differs. Figure F-2 shows the historical urban share of automobile VMT driving

from 1972 through 1990 and both a logistic curve and a straight line, fitted to the historical

period and extended through the year 2030. The linear share forecasts developed by simple

regression are considerably larger than those resulting from the logistic functional form.

The conclusions of the report noted that the logistic approach seemed to yield a more realistic

projection of the gap. This was based largely on intuition, as the logistic approach can account

for constraints which the linear approach cannot. As a result, logistic data were used in forming

the model and are presented herein.

A total of two sets of projections were generated for each of the vehicle types, factors, and

scenarios. The first was based on the assumption that all urban driving is city driving and all

rural driving is highway driving. Fuel economy gap projections generated in the past are based

on such an assumption, as it makes the gap calculations considerably easier. However, the

assumption oversimplifies reality since some of the urban driving is on interstate highways and

other freeways located in urban areas, and some of the rural driving includes stop-and-go city

type of driving. The second set of projections were generated taking into consideration the

decomposition of urban and rural driving into city and highway driving according to road types.

This adjusted city/highway driving share approach was deemed more realistic. This is due to the

fact that such an _proach more closely resembles actual driving behaviour and consequently

avoids the restricting assumption that urban driving is equal to city driving and rural driving is

equal to highway driving. As such, only these calculations are included in this appendix.

The decomposition is based on road types. Thus, VMT driving on roads identified as "interstate"

Nlltionld Energy Mocieiing System
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and "other freeways and expressways" in urban areas are considered part of the highway driving

share. Other road types located in urban areas are considered part of the city driving share. In

addition, VMT driving on roads defined as "minor collectors" and "local" in rural areas are

classified as city driving while the rest of the road types in rural area are considered highway

driving. Although this road classification does not exactly replicate reality, it is a closer

representation of the actual city/highway driving composition.

Approximately 63 percent of total 1990 VMT consisted of driving in urban areas and 37 percent

in rural areas. 68 percent of the urban VMT is considered city driving and 32 percent highway

driving. In rural areas, 17 percent is considered city driving and 83 percent highway driving.

This composition represents overall city and highway driving shares for 1990 of:

City Share: 49.1%

Highway Share: 50.9 %

These adjusted city and highway shares are the bases for the calculations of the fuel efficiency

gap projections in this chapter. The impact on fuel efficiency, from each of the three factors

considered in this study, is affected by these adjusted shares. The impact from the increasing

urban share trend is diminished since only part of the urban share (68% in 1990) is considered

city share. The impact from increasing highway speeds is amplified since highway driving in

both urban end rural areas is considered. Finally, the impact from increasing urban highway

congestion is diminished since only part of the urban share is considered highway driving. The

resulting fuel efficiency gap projections for automobiles and light duty trucks using the logistic

approach based on these adjusted shares will be presented.

Naiior_ Energy ModelingSystem
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Figure F-1. Urban Share of Automobile VMT: Logistic Forecast
ii i

Source:HistoricalValuesfromU.S. DoT,FHWA,Hi_.hwavStatistics.differentyearlyissues,
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Figure F-2. Urban Share of Au¢omobile VMT: Logisdc and Linear ForecasU
l I llllll I l
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FUEL EFFICIENCY GAP PROJECTIONS

This section outlines the three trends which are assumed to affect the fuel efficiency gap

estimates of the EPA. It then presents the projections of the fuel efficiency gap which have been

utilized in the NEMS Transportation Sector Model.

IncreasingUrbanShareDriving

A review of the data from the last few decades on VMT for both automobiles and light duty

trucks reflects a continuous increase in the share of urban driving.34 For automobiles the urban

share increased from 45.4 percent in 1953 to 62.9 in 1990. Figure F-3 shows the historical urban

share of VMT for automobiles. This represents a 38.5 percent increase in 37 years, or an average

annual rate of increase of 0.88 percent. For light duty trucks the urban share increased from 39.5

percent in 1966 to 55.4 in 1990. Figure F-4 shows the historical urban share of VMT for light

duty trucks. This represents a 40.3 percent increase in 24 years, or an average annual rate of

increase of 1.42 percent.

Westbrook and Patterson investigated the reasons for this increase in urban share by analyzing

the data for the period from 1975 through 1985. 35 Their results indicated that the major reasons

for this increase are the larger fraction of travel in urban roads and a larger fraction of roads

being classified as urban. Population shifts to urban areas and driving shifts within metropolitan

areas account for the larger fraction in urban driving which was estimated to be the cause for 58

percent of the increase in urban share. The other 42 percent increase was determined to be the

consequence of the reclassification of roads from rural to urban. Any area reclassified by the

U.S. Bureau of the Census from rural to urban results in the reclassification of all roads

(regardless of the type) as urban.

Forecasts of the shares of urban and highway driving are necessary in order to forecast the

change in the fuel efficiency gap due to changes in driving shares. It is very difficult to draw

conclusions about the increasing trend in urban driving. Nevertheless, it can be expected that

population shifts to urban areas will continue and that future land developments will force

34 Data on VMT is published annually by the U.S. Department of Transportation, Federal Hishway Administration, in
Histhwav Statistics.

ss Westbrook, F. and Patterson, P., "Chansins Dnvin 8 Patterns and Their Effect on Fuel Economy," presented May 2, 1989
at the 1989 SAE Govemmant/lndustry Meetin8, Washinston, D.C.
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Figm F-3. Urban$h,m of AutomoNle VMT: 1953-1990
i i i ii i i i i
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Figure F-4. Urban Sham of Light Truck _: 1966-1990
,i i p

Source:HistoricalValuesfromU.S.DoT,FI-IWA,His_hwavStati_, differentyearlyissues.
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the reclassification of rural areas into urban areas. If we assume that this rate of increase in

urban share will gradually diminish and level off, the logistic path applies (see Figure F-1). The

calculations for logistic growth of increased urban share for automobiles and light trucks follow.

Automobiles:

Table F.20 summarizes the impact of the adjusted logistic city share growth on the composite

fuel efficiency gap for automobiles. The adjusted logistic city share projection for the year 2010

becomes 51.1 percent as compared to the unadjusted logistic share of 66.8 percent; in the year

2030, the projection levels off at 51.5 percent as compared to an unadjusted 67.7 percent

projected logistically. The adjusted logistic forecasts of city share increase are translated into a

fuel efficiency gap of 16.05 percent by the year 2030. This represents an increase of only 0.85

percentage points over the base gap of 15.2 percent.

Ught Duty 13rucks:

The influence of the adjusted logistic urban share growth on the composite fuel efficiency gap

for light duty trucks is presented in Table F-21. For the year 2010 the adjusted logistic city share

projection becomes 48.8 percent as compared to an unadjusted logistic share of 62.3 percent. For

the year 2030, the projection begins to level off at 50.3 percent as compared to an unadjusted

65.2 percent projected logistically. The adjusted logistic forecasts of urban share increase are

translated into a fuel efficiency gap of 29.73 percent by the year 2030. This represents an

increase of only 1.43 percentage points over the base gap of 28.3 percent.

Nation. IEneqlyModelingSystma
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Table F-20. Automobile Fuel Efficiency Gap Projections: Logistic Growth of
City Drivint Share (with Adjusted City Driving Share)

I l l l
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Sources: Base Gap from ORNL 1992, Urban Share Forecasts based on Fisher & Pry Logistic
Function.

Table F-21. Light Truck Fuel Efficiency Gap Projections: Logistic Growth
of City Driving Share (with Adjusted City Driving Share)
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Increasing Highway Speeds

The level of speed of a vehicle is one of the relevant factors that affects its fuel efficiency.

Specifically, it has been determinedthatspeeds over 45 mph decreasefuel efficiency for most

vehicles. Furthermore,EPA estimates that traveling at 65 mph as comparedto 55 mph lowers

fuel economy over 15 percent._ ORNL's1992 TranmortationEn_rw Data Book presents the
findings of a fuel economy study performedby the Federal Highway Administrationin 1984.37

Th/s study concluded that, on average, vehicles experience fuel efficiency losses of about 17.8

percentwhen their speed is increasedfrom 55 mph to 65 mph. This is equivalentto a reduction

of 1.78 percentfor each mile per hourincrease over speed ranging from 55 mph to 65 mph.I

Average highway speeds in the United States have shown an increasing trend for several years

with few exceptions. FigureF-5 presentsaverage highway speeds in mph for the last 45 years.

The data in this figure indicate two different increasing trendperiods. The first period from
1945 through 1973 correspondsto the largest rate of increaseon highway speeds. During these

years, highway speed increasedat an annual rate of 1.13 percent. In 1973, average highway

speed suddenlydroppedfrom about66 mph to about 55 mph. This sudden dropcorresponds to

the implementationof the nationwide55 mph speed limit. After 1974, the increasingtrendhas

continuedat a more moderate rate. In the 1974-1990 period the annual rateof speed increase

has been 0.15 percent. A closer look at the post-1973 period indicates that through the rest of
the 1970s, the average speed remainedfairly constant between 55 and 56 mph, and,.throughthe

1980s, the annualrateof increasewas 0.34 percent.

The increase in highway speed can also be illustrated by considering the percentageof ruraland

urban VMT driving over 55 mph on highways with posted speed limits of 55 mph. Fig_r_ F-6

presents these datafor the 1981-1990 period. In only 9 years, the percent of rural VMT driving
overthe 55 mphspeed limit rose from 46.4 percent to 58.7 percent for a total of 12.3 percentage

points. The percentage increase in urban VMT driving Waseven more dramatic, from 37.6

percentto 53.8 percent for a total of 16.2 percentagepoints. The percentageexceeding the speed

limit is far from homogeneous. Significant differences exist across states, highway types, and
location for ruralor urbanareas. For instance,in 1990 the percentageof vehicles exceeding the

55 mph limit in urban interstatehighways in New York was 82.5 as compared to 68.2 in

DOE/EPA, 1992 Gas Milate: EPA Fuel Economy Estimotes. DOE/CE-019/10, October 1991.

3_ Davis, S. and Morris, M., Oak Ridse National Laboratory, Transnortat/on Enersrv Data Book: Edition 12. ORNL-6710,

(Edition 12 of OID4L-$198), Table 3.42, p_3-66,Man:h 1992. 1984 data from U.S. Department of Tmnsportat/on, Federal
Highway Admininmt/on, Fuel Consumntion and Emission Value_ fgr Tnsflic Mpd©|s. Washinston, D.C., May 1985.
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California and only 33.7 in South Dakota.

The estimation of the overall impact of speed trends in fuel economy is dependent on the specific

data type selected to measure this trend and on the methodology used to forecast this trend. One

could choose a disaggregated approach in which speed trend forecasts are developed by urban

and rural driving, highway type, and vehicle type, for each state. Given the time limitations, the

current study utilizes the nationwide average highway speed for all vehicles and highway types.

Average speeds post-1980 are used as the basis to generate forecasts.

As Figure F-5 illustrates, average highway speed is influenced by regulatory policies such as the

implementation of the nationwide speed limit in 1973-1974. Other factors affecting speed might

include safety and environmental regulations, gasoline prices, oil shortages, income fluctuations,

etc. Although a methodology to forecast speed trends which includes .all relevant factors is

desirable, a logistic approach based on historical trends has been applied.

Automobiles:

Table F-22 summarizes the impact of the adjusted highway share speeds on the composite fuel

efficiency gap for automobiles using the logistic approach. Unlike the adjusted results for the

urban driving share, the fuel efficiency gap forecasts indicate that in 2010 the gap has increased

to 17.02 percevt, which is _eater than the unadjusted logistic forecast of 16.58 percent. By the

year 2030, the adjusted _ s 18.27 percent, which is above the unadjusted logistic forecast

of 17.47. By the year 2t, _justed gap is 3.07 percent above the base gap of 15.2 percent.

NaOomdEnerb¥ModelingSystem
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]L;IlgO_F-5. Average Vehicle Highway Speed: 1945-1990
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Figme F-6. Percent of Highway V]_F over 55 MPH: 1981-1990
ii ii i i
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Table F-22. Automobile Fuel Efficiency Gap Projections: Logistic Growth of
Average Highway Speed (with Adjusted Highway Driving Shares)
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Sources: Base Gap from OR2q'L1992, Highway Speed Forecasts based on Fisher & Pry , ,

Logistic Function.

Table F-23. Light Truck Fuel Efficiency Gap Projection: Logistic Growth of
Average Highway Speed (with Adjusted Highway Driving Share)
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Logistic Function.
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Light Duty Trucks:

Table F-23 displays the fuel efficiency gap projections for light duty trucks assuming logistic

growth for average highway speed and an adjusted driving share to reflect the city to highway

driving proportion. The adjusted logistic projections imply that the fuel efficiency gap for light

duty trucks will be 30.07 percent for an increase of 1.77 percentage points over the base gap in

the year 2010. The gap forecast is larger than the unadjusted logistic projection of 29.74 percent.

By 2030 the adjusted logistic forecast is 2.99 percent above the base gap of 28.30 percent, while

the unadjusted logistic is 2.39 percent above the base gap. This implies a fuel efficiency gap of

31.29 percent in 2030.

Increasing Urban Highway CongesfJon

Congestion is a primary issue of the domestic transportation system. Urban congestion has

increased in the last decades in most metropolitan areas as expansion and improvement of the

transportation system lagged behind the rapid growth of travel demand.

The Federal Highway Administration (FHWA) classifies the two major causes of urban road

congestion as recurring congestion and non-recurring congestion. Recurring congestion is that

congestion which is the consequence of inadequate road capacity, reduction of through-put lanes,

narrowing of lane widths, physical barriers, inadequate traffic light synchronization, and other

similar causes. FHWA estimates that recurrent congestion accounts for 40 percent of all urban

road congestion. Non-recurring congestion is that congestion resulting from disabled vehicles

and accidents. FH A estimates that disablement account for 55 percent of overall urban

congestion, with the remaining 5 percent due to accidents.

One of the most important road types within urban areas in which congestion takes place is urban

freeways. In 1990, 32 percent of the total vehicle miles of travel in urban areas corresponded

to freeways, w!ile freeways comprised only 5.7 percent of the urban roadway mileage.3s The

increase in urban congestion can be further analyzed by considering the increase in urban VMT

as compared to the increase in urban lane miles. Data corresponding to the period 1975-1987

indicate that urban VMT demand growth rate is over 4 times the rate of new urbanlane capacity

growth. This corresponds to an increase in the average urban through-put (urban VMT per mile)

of 38.9 percent.

a U.S. DOT, FHA, Highway StAdsdc$11990.
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Differing methodologies have been developed recently to measure the extent and duration of

freeway congestion in urban areas.39_o Hanks and Lomax of the Texas Transportation Institute

(TTI) have developed congestion indices for 39 urban areas. Table F-24 lists VMT, VMT per

lane-mile, congestion indices, and rankings for each of the urban areas analyzed by TTI. Table

F-25 lists, in addition to the congestion indices, estimates of the congestion cost per capita for

each of these urban areas. Few attempts to forecast urban congestion and its effect on fuel

economy are available. ,i

s9 Colm#li, P., "Measurement of the Extent and Duration of Freeway Congestion in Urbanized Atuas,"ITE 61st Annual
Meeting, Milwaukee, Wisconsin, Sept. 1991.

o Hanks, J., and Lomax, T., Roadway Coanustion in Major Urban Areas; 1_82 tO 1987. Texas Transportation Institute,
Ruemuh Report 1131-2, Collese Station, Texas, Oct. 1989.

,i IAndley, J., "Urban Freeway Coasestion Problems and Solutions: An Update," FIE Jonmal, Dee. 1989, pp. 21-23. Fen S,
An, "Automobile Fuel Economy and Traffic Conseslion," Dissertation for PhD in Applied Physics, University of Michisan, 1992.
Westbmok, F. and Patterson, P., "Clumsin8 i_rivin 8 Patterns and Their Effect on Fuel Economy," presented May 2, 1989 at the
1989 SAE GovemmenVindustry Mectins, Wuhinston , D.C.
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Table F-24. Congestion Index Value for Selected Cities
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Table F-25. 1987 Urban Area Rankings by Congestion Index and Cost per
Capita
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Lindley's projections of consumption statistics for the year 2005 take into account factors

including time delays, wasted fuel, and user cost. The urban freeway congestion statistic

projections developed by Lindley are presented in Table F-26.

The projections generated in this study utilize the wasted fuel values developed by Lindley as

the basis to measure the impact of urban congestion on the fuel efficiency gap. The study further

assumes that the amount of wasted fuel due to conge_on will increase fo|lowing a logistic trend.

The amount of wasted fuel is divided between automobiles and light duty trucks assuming that

the light duty trucks VMT driving share will increase from 23.4 percent in 1989 to 33 percent

in 2010, and will remain constant at 33 percent through 2030.

Automobiles:

The wasted fuel forecast due to traffic delays for the year 2010 is 9,164 mil.gal, and for the year

2030 it is 11,426 mil.gal, as summarized in Table F-27. This implies that the fuel efficiency gap

will be 18.66 percent in 2010 and 23.08 percent in 2030. These are lower projections as

compared to the unadjusted figures of 21.53 percent and 26.32 percent corresponding to the same

years.

Hght Duty Trucks:

Table F-28 presents the fuel efficiency gap projections for light duty trucks based on adjusted

city/highway shares and assuming logistic growth of wasted fuel due to congestion. The wasted

fuel forecast for light duty trucks for the year 2010 is 4,513 mil.gal, and for the year 2030 it is

5,628 mil.gal. This implies that the fuel efficiency gap will be 32.77 percent in 2010 and 33.43

percent in 2030 as compared to the unadjusted figures of 32.91 percent and 34.09 percent.

Overall Degradation Factor Forecast

Figures F-7 and F-8 summarize the projections of the fuel efficiency gap using assumptions of

logistic growth and adjusted city/highway shar_s for automobiles and light duty trucks,

respectively. The overall results are listed in Table F-29.

As illustrated in Table F-29, the logistic approach generates lower forecasts for the overall fuel

efficiency gap for both automobiles and light duty trucks as compared to the ones generated using

the linear approach. The overall fuel efficiency gap for automobiles is expected to increase from

a base of 15.2 to 27.00 by the year 2030 assuming a logistic trend. The fuel efficiency gap will

National Energy Modeling System
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increase fi.r,her to 34.07 if a lineartrendis assumedinstead. The overall fuel efficiency gap for
light duty trucks is expected to increase from a base of 28.3 to 37.85 or 42.91 by the year 2030

assuming logistic and linear growth respectively.

Table F-26. Urban Freeway Congestion Statistics

iiiiiDiilliliiiii!i!iiiiii!Piiiiii!iiiiiiiiiiii!iiiiii!iii!!iiii!iiliiii!ii!!!i}i....iI !I
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Source: Lindley, J., "UrbanFreeway Congestion Problemsand Solutions: An Update,"

ITE Journal,December 1989, pages 21-23.

Table F-27. Automobile Fuel Efficiency Gap Projections: Logistic Increasing
Congestion Trend (with Adjusted City/Highway Driving Share)

rl
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Figure F-7. Fuel F-J_ciency Gap for Automobiles (with Adjusted Driving Sham)
40%
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Figure F-8. Fuel Efficiency Gap for Light Duty Tracks (Logistic Forecast)
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TableF-28,LightTruckFuelEfficiencyGap Projections:Logistic
IncreasingCongestionTrend(withAdjustedCity/HighwayDrivingShare)

2oI I_:_i2om._:_.,._2oos..._.2oto:._[:i.ts 2020.........._2o2s::i_2o_o
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ilia! :i:iiiii! i!!i!!: 1.11 1.46 2.87 3.87 4.47 4.59 4.84 4.98 5.13i i i i I

Table F-29. Total Fuel Efficiency Gap Projections for Automobiles and Light
Duty Trucks with Adjusted City/Highway Driving Share
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Attachment 4: Vehicle-Miles Traveled Model

Development of the VMT Forecasting Model

INTRODUCTION

The following is a description of a new VMT forecasting model which has been developed to

replace the approach previously used. This approach addresses two demographic issues which

have been shown to influence driving rates:

1. Historically, the proportion of Female VMT to Male VMT has grown steadily.

This factor has been an important explanatory variable explaining aggregate VMT

growth in the past.

2. The prol)_rtion of the population 60 or over (a reasonable proxy for retirement)

has remained extremely steady over the period of _,_imation (1970-1991). This

share was approximately 20 percent in 1970 and it was still 20 percent in 1990.

The first item is relatively easy to deal with. Traditional econometric techniques provide an

estimate of how total VMT has varied as the proportion of Female to Male VMT has increased.

This proportion, however, is not likely to continue to grow as it has in the past. Specifically, it

is assumed in the analysis that follows that the Female to Male VMT ratio asymptotically

approaches 0.8. This proportion is consistent with several recent Department of Transportation

Nationwide Personal Transportation Surveys (NPTS).

The affect of the "aging of the population" on VMT cannot be assessed by analyzing historical

data. There has been no variation in the over 60 population share historically, it should not be

particularly surprising that attempts to measure *.he"aging of the population" affect on VMT

using econometric techniques have not been very satisfying. In spite of this, there is ample

survey data indicating that drivers 60 and over drive substantially less than do younger. The

most recent NPTS indicates that those over 60 drive only about half as much as do younger

drivers. None of this would affect the accuracy of our aggregate VMT forecast if the proportion

of the population 60 and over remained at 20 percent. The Census Department, however,

accurately records the ine,.itable aging of the "baby boom" generation. In the early 2000's they

project that the proportion of the population over 60 begins to rise sharply. By 2020, it reaches

30 percent, up from 21 percent in 2000.

NMrJonal|neflly MocletingSystem
Tmmmem tk,delOen,me secwo,K:,,mm.tm_Rq,o, F-94



Rather than ignore the forecast shift in demographic trends, the methodology described in the

following pages explicitly adjusts the forecast based on survey information. In 2015, the total

VMT forecast is 3.6 percent lower once the aging of the population is accounted for.

METHODOLOGY

" VMT per capita is considered to be a function of economic and demographic

variables. 42 The variables which are considered are as follows:

CPM87, the fuel cost of driving a mile, expressed in 1987 dollars.

YPC87, disposable personal income per capita, expressed in 1987 dollars.

PrFem, the ratio of per capita female driving to per capita male driving.

t>60, the proportion of the population greater than or equal to 60 years of age.

m The following correlation table suggests that multicollinearity between P>60 and

YPC87 would result in biased estimators. P>60 is not included in the regression, but there is

strong reason to expect the aging of the population to influence driving habits early in the next

century. The proposed adjustment factor based on aging will be described below.

Table F-30. VMT Variable Correlation Coefficients
,,,

!_!ii!__i!!i 1.000 0.961 -0.589 0.783 0.925
::::::::::::::::::::::::::::::::::::::::::::*:

;.:.:.:,:.:.:.,•..,...:,.:,:..:.:;-:

:ii!i:::i_!% 0.961 1.000 -0.410 0.643 0.947

.... -o.ss9-0.410,.ooo  .so3-o.7
::i::!ii!iii_i:i_i:!_::!ii!i_i!?,ii!::i_:iiii!::i_i!i::
iiiiii!iii!i_iiiiiiiii!il0.783 0.643 -0.803 1.000 0.748

!!ii_! i 0.925 0.947 -0.467 0.748 1.000
II

42 VMT percapitashould be understoodto meanVMT perpopulation 16years andolder. Percaptta is used for simplicity.
Its use in other variablesrefers to the total US population.
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a The following linear model is tested, using data from 1969-1990:

VMTPC =_ + 13,CPM87 + 1_2YPC87+ 133PrFem (7)

The regression provides the following output:

s The D-W statistic for this model suggests the possibility of serial correlation. A

generalized difference equation of the following form is tested, using the Cochrane-Orcutt

iterative procedure:

VMTPCr - pVMTPC_._= (x(1-p) + _a3. (x.,, - px.,.._) (2)
N,4

where X..,.._ represent the input variables. This results in the following parameters, which are

used to produce an unadjusted forecast of VMTPC:

Table F-32. VMT Generalized Difference Equation Output

!iiiii!i ii!ii!iiiiiiiiiiiii!iiii!iii!....
l ill II ill lift I l I

iiiiiii!__ii: ?i.ii?0.72 0.28 -7.50 3.6e-04 8.36 0._81

i:'::::..i:::::................"T._.:_:,:_:,!:i:i:::::....... 2.32 2.46 2.99i al i i ,H ,, i_

n The unadjusted forecast is subsequently modified by a demographic adjustment

factor (DAF). This is an index which is based on projections of the proportion of the population

over 60 years of age (P>60) and the expected ratio of per capita driving by those over 60 to those
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under 60 (PVMT60). Historical data and projections until 2030 are provided in the graph below.

The DAF, also graphed, is calculated as follows:

DAF.r= 1 - [P>60, • ( 1-PVMT60,r) ] (9)

The DAF is subsequently indexed to 1.0 in 1990.

Figure 1;'-9. VMT Demographic Adjuslment Factor:. 1970-2030
I I I

Demographic Adjustment Factor (DAF) '
And Associated Values

I.Z

Q.I

| ±.,.l...I...I....I... I... I...i... I... I.,. I. , it... I... I. l. I .. I I

|7| 15'/4 I|711 1|I12 1|ilil 1|$I I||4 I||i Z||Z Z|Sil Zil10 ZlI14 ZllI| Z|ZZ 2021i Z|30

-Q- P>60 --e- PVMT60 -.._ 0 AF

m The Adjusted VMTPC forecast is the product of the DAF and the unadjusted

VMTPC. Figure F-I 0 presents forecasts of VMTPC made with the original linear equation, the

generalized difference equation, and the demographically-adjusted model. Figure F-11 depicts

the total VMT forecasts associated with the linear equation and the adjusted difference equation.

s The average annual growth rates of VMT per capita and total VMT are as
follows:
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FigureF-1i. LinearVMT Projections

TOTAL VMT' Linear Models
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Film F-12. VMT Point Elasticities: 1970-2030
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Attachment 5: Air Travel Module

Derivation of Demographic Adjustment Factors

It is expected that the "personal travel" segment of commercial passenger traffic will be more

sensitive to air fares than the "business travel" segment. It is also likely that the volume of

discretionary travel will be more influenced by public perceptions of airline safety, convenience,

and quality of service. One way of quantifying this effect is in a stratified measure of the

"propensity to fly" which, in its most rudimentary form, associates with each age group and

gender a static value obtained from a survey of travelers.43 The propensity to fly is considered

to be the product of the percentage of a given population segment to have flown in the previous

' year, and the average number of flights taken by the travelers. This translates into the number

of trips per capita associated with that population cohort. These values are subsequently used

to modulate forecasts produced by the conventional model as follows:

ARPMT . DIT . RPMo.,.T (10)

where:

ARPM x = Adjusted personal-travel revenue passenger miles in year t.

DI,r = Demographic index in year L

RPiv_j,.T ffi Unadjusted forecast of domestic personal RPM in year t.

and:

POPz.t = Thepopulationof theI_ cohortinyearT.
POPte=ThepopulationoftheI*cohortin thebaseyear.

PROFLYtr= Thepropensitytofly fortheI_ cohen.

The following describes the assumptions and data manipulations undertaken to develop age- and

4_ This adjustment alsofithm has been adapted from that provided in Appendix A of Fon_castfmg CivllAv_tion A cth,#y:
Methods and Approaches, Transportation Research CimularNumber 372, Transportation Research Board, June 1991.
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gender-specific demographic adjustments to forecasts of personal travel. The use of these factors

is predicated on the static nature of the public's propensity to fly (PROFLY_T= PROFLY_0),absent

sufficient time series data to reflect and predict changing trends.

i The ATA travel survey provides the percentage of each age group which has flown

in the previous year (x^), as well as the fraction of men and women of all age groups who have

flown (r,_, _). The first step is to derive an estimate of the percentage of each age group and

sex which has flown.

[] Given that NMand Nw represent the total number of men and women, respectively, the

percent of the flying population that are of each gender can be represented as follows:

p. _. N,.= ; Pw =1 -P. (12)
_. N. + _cwNw

Using the 1990 Census numbers, P_ = 0.53 and Pw = 0.47. In other words, 53 percent of

people who took at least one air trip in the previous year were male.

• It is assumed that this gender ratio is constant across age groups and time. This ratio

is used to estimate the percentage of the population by gender and age group which has flown

in the previous year. The equation for males is as follows:

P. _ANA
_,,.A = (13)

In order to determine the number of trips per capita for male and female cohorts, further

assumptions are necessary.

• According to the ATA survey, male travelers flew more than female travelers; the ratio

of male to female trips per capita is 1.72, i.e.:

T,, 1.72 Tw (14)...,,..,. aB m

N. N.

where TMand Tw represent the total number of trips by male and female travellers, respectively.

[] In each age group, the number of average trips per capita is reported. It is assumed

that the male/female travel ratio holds across age groups, which enables the subsequent division
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of each figure into two gender-specific figures.

For each age group, the number of trips per capita (TPC) is expressed as:

T,., * T,., = TPC, (15)
N.., + Nw.,

From above:

T..A = 1.72 'Tw'AN"'A (16)

Substituting, and rearranging:

T, ,(1 + 1.,=f__lloTpc,(N.,.n,,)
(17)

' I_.,J;

which leads to the trips per capita for women, by age group:

NW.A LH,., _ 1.72 N,.A]

The resultir figures are tabulated, and a graph of the demographic index through the year 2040

is provide on the following page.
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Table F-34. ATA 1990 Air Travel Survey Data

,::; -_!: _rceU_e Flown.. :_: i Average Trips per _ Propensity to:_Fly

i::i!(_.'IMIO):::. : _.:iili i_r,:::i __ . i!i :.'liii_:i :Capita i iiill ilII_ROI_Yi,T)

il:;_:._::i_i::ii::!i 13,215 12,925 0.31 0.29 3.29 1.91 1.03 0.55
!:,!!:i :_i:::i:i!!!:!:!!!i!i!!!!!ii

in[ ii i iiii i I inI iii

!ii!ii_ 22,078 21,848 0.37 0.33 4.88 2.83 1.80 0.94
-- u i i i i , , _ , i

i ::i:i_ i! i! 18,193 19,112 0.38 0.32 5.18 3.03 1.97 0.97

if! i4_iii ii 12,406 13,081 0.39 0.33 4.82 2.81 1.89 0.93
i i i III iii i llli ii ii ii

!!__ i 10,103 11,260 0.33 0.26 4.17 2.45 1.36 0.63
!i!i_ii:i.:-i::!iiiii!ii:!:i:i!:ii:i:

ii i ,i __ |11

! i!iii!_ iiiili 12,853 18,706 0.31 0.19 4.28 2.52 1.34 0.48
_!iii!:i-::ii!!_:!%:!::i::i::!!ii

II i inn i rllll mini ILIUm nnmiii t nil S L _ _ .. -,
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Attachment 6: Vehicle Emissions Module

Derivation of Emission Factors

INTRODUCTION

This report provides EPA emission factors to be used in the transportation vehicle emission

solution algorithm, which is outlined in the Transportation Sector Component Design Report

(TSCDR) section on emissions. This algorithm is as follows:

F-.MISSmj_,T = EFA CT_._T * UL_T

where EMISS is total emissions of pollutant tp by mode t_. in region IR, and time T, EFA CT is

an emission factor based on technology, fuel and vintage weights, and U is a measure of annual

vehicle activity (vehicle-miles-traveled or fuel consumption in gallons).

The TSCDR specifies modal emission factors for S0x, NOx, carbon, CO, C02 and VOCs, and

calls for emissions to be calculated for the following six transportation modes:

• : :.i:i:I , . . .

Lisht-Duty Vehicles Rail

Freight Trucks Air
I

Buses Water

A number of these transportation modes have subcomponent modes that are to be handled in a

separate TERF "Miscellaneous End-Use Component" module. These subcomponent modes

include military aircraft, recreational boating, passenger rail, and buses. This report also provides

the emission factors for these miscellaneous transportation energy end-use categories, as well as

for alternative fuel vehicles (AFVs).

Pollutant emission factors are not reported for certain transportation vehicles. Reasons for the

exclusion of these emission factors include one or more of the following:
t,
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• the lack of adequate EPA emissions testing results for the production of reliable

fleet-average emission ,rates,

• the quantities of a pollutant generated a vehicle type are not significant,

• the pollutant is not regulated by the EPA (for example, only aircraft HC and

smoke emissions are currently regulated).

Such instances of nonreported emission factors are documented in the relevant transportation

mode sections of this report.

HIGHWAY MOBILE SOURCE EMISSION FACTORS

Highway Source Emission Factor InformalJon Sources

Emission factors and the accompanying calculation procedures used for virtually all federal and

state mobile source emission inventory studies come from the following EPA source documents:

• Compilation of AirPolluumt Emission Factors. Volume II: Mobile Sources (AP-

42, Fourth Edition, September 1985)

• Supplement A to AP.42 Volume If, January 1991.

• User's Guide to MOBILE4.1, EPA-AA-TEB-91-01 (EPA Office of Mobile

Sources, Emission Control Technology Division, July 1991).

• Interim Guidance for the Preparation of Mobile Source Emission Inventories,

Attachments A through J (This EPA memorandum supersedes the mobile source

emission inventory preparation instructions contained in Procedures for Emission

Inventory Preparation- Volume IV, Mobile Sources, which is currently being

revised)

• Procedures for Emission Inventory Preparation- Volume IV, Mobile Sources,

EPA-450/4-81-26d (revised), (July 1992).
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The document, Compilation of Air Pollutcmt Emission Factors - Volume II, reports all data and

emission factor calculation algorithms for both highway and off-highway emission sources.

Supplement A to AP-42 presents updated emissions factor information for highway sources based

on the results of additional vehicle test data obtained subsequent to the publication of the original

AP-42 Air Pollutant Emission Factor compilation document, as well as methodological

modifications reflecting calculation refinements and new emission regulations. Both EPA data

source documents categorize highway mobile sources into eight types: light-duty gasoline vehicles

(LDGVs), light-duty gasoline-powered trucks with a gross vehicle weight rating of less than or

equal to 6,000 Ibs (LDGTls), light-duty gasoline-powered trucks with a gross vehicle weight

rating greater than 6,000 lbs (LDGT2s), heavy-duty gasoline-powered vehicles (HDGVs), light-

duty diesel-powered vehicles (LDDVs), light-duty diesel-powered trucks (LDDTs), heavy-duty

diesel-powered vehicles (HDDVs), and motorcycles. The EPA document, Procedures for

Emission Inventory Preparation- Volume IV, Mobile Sources, provides the most up-to-date

instructions for all state and local agencies involved in the preparation of mobile source

inventories. The EPA makes frequent mention of the fact that a number of emission rate studies

are ongoing. Therefore, frequent monitoring of the status of EPA analytical studies is suggested

in order to ensure that TERF emission factors reflect the latest available emission testing and

methodological information. ..

Highway mobile source emission factor calculation routines, outlined in the above EPA

documents, are incorporated into EPA's MOBILE model, which estimates hydrocarbon, carbon

monoxide, and oxides of nitrogen emission factors for gasoline and diesel-powered vehicles. The

most rece_,_tversion of the mobile emissions model, MOBILE4.1, was released in 1991 for the

express purpose of preparing all 1990 base year emission inventories mandated by the CAAA for

all areas exclusive of California, and to prepare CAAA-mandated carbon monoxide emissions

inventory p,'ojections. However, MOBILE4.1 does not incorporate the effects of other CAAA

provisions, such as the Tier I exhaust emissions standards for light-duty vehicles and light-duty

trucks. Revisions to the MOBILE4.1 model to reflect CAAA provisions for NMHC and NOx and

additional test data are being discussed and planned for incorporation into the new MOBILE5

model. The EPA is currently seeking recommendations through a series of public workshops,

a_d expects to release MOBILE5 in the fall of 1992. Appendix E.EM.B provides an excerpt

from an EPA letter handout (dated March 5, 1992) that outlines potential MOBILE5 revisions.

Highway source emission factors for California are calculated through the use of the California

Air Resources Board's own emission factor model, EMFAC. The most recent version of this

model is EMFACTEP, which incorporates the most recent California vehicle and fuel standards.

All EMFAC model versions are variants of EPA's MOBILE mode[, and have been customized
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to serve the emission calculation needs of the CARB. EPA's Office of Mobile Sources is

currently examining CARB in-use test data for vehicles certified to meet California's 0.7 gpm

NO_ emission standard. Emission rate equations for reflecting the effects of Calit'ornia's low-

emitting vehicle (LEV) program and inspection/maintenance credits are also being considered for

inclusion in MOBILE model updates.

The California Air ResourcesBoardusesa separatecomputermodelto assimilateemissiontest

and calculate basic emissionrates. This model, CALIFAC, uses the CARB's In-Use

SurveillanceProgramandthe Inspection/MaintenanceProject databases(along with EPA data)

to derive the basicemissionfactors. The basicemissionfactorsserveas the inputsto EMFAC,

which subsequentlyapplies emissioncorrectionfactorsto producefinal emissionfactors. This

reportliststhe California highwayemissionfactorsalongwith theEPA nationalemissionfactors.

The EPA Procedure for Calculating Mobile Source Emissions Factors

Methodology Overview

Federal and state agency.;leveloped emission factors for each vehicle type are derived from a

four-s_ep process":

"basic exhaust emission factors", or BEFs, are estimated according to rigid federal

testing procedures45.

the BEFs are adjusted with a series of multiplicative and additive correction

factors that account for testing condition variances in ambient temperature and operating

mode, as well as expected emission cont^Xxl device tampering rates.

Third, the BF,Fs arefurther adjustedwith a compositecorrection factorthat reflectsactual

vehiclecharacteristicsand driveroperatingpractices(For the hydrocarbonBEF, separate

emission factors tbr evaporative and running losses are added. In addition, the

hydrocarbon and carbon monoxide BEFs are adjusted for fuel volatility.). A number of

•s All missi_ rate equstiomsand date referenea_din this section come fromEPA's AP-42 documentand accompanying
supplements,or the MOBILFA.1 model doeamentation,unless otherwise noted.

,s Exhaustand evaporative emissions testing _ures for light-dutygasoline and diesel.powered vehicles are stipulated
in the Code of FederalResmi4tiOn_s,40 CFR Part86, SubpartB, July i, 1989. Testing proceduresfor heavy-duty gasoline and
diesel-puwerad "vehi©iesare stipulated in 40 CFR Part86, SubpartN, July 1, 1989.
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these correction factors are not included in the emission factor calculations for diesel-

powered vehicles and trucks due primarily to a lack of reliable data.

Fourth, consolidated BEFs are derived by weighting the adjusted BEFs according to the

fraction of total miles driven for each model year, and then summing over the 25

historical model years that constitute the in-use vehicle fleet for each calendar year._s The

equations for the consolidated emission factors are as follows:

EFHC- _ TF* [(AD.rBEF* SALHCF* RVPCF)+ REFUEL+ RNOLOS+ CCEVRT]
EFCO- E TF* (ADJBEF* SALHCF* RVPCF)

EFNOz = E TF* (ADJBEF* SALHCF)

W]_m'C:

ADJBEF: Adjm/edbasicexhaustemissionfactorin gramspermile,
SALHCF=Compositespeed,airconditioning,extraload,andtrailertowingcorrectionfactor,
RVI_F =Fuelvolatilitycorrectionfactor, _i

.i

REIeUEL = Refueling hydmoad_n emission factor (g/mile), ',

RNGLOS=Runninglosshydrocarbonemissionfactor(g/mile),
CCERVT= Cranke,a_ andevaporativehydrocarbonmission factor(g/mile),

"IF =Fractionof totalmilesdriven

(Summation occurs over 25 model years i, from n-24 to n, where n is the calendar year)

Me__gy Oe_

Federal Test l_cedu_s. The federal test procedures calculate basic exhaust and evaporative

emissions for each vehicle model under specified ambient temperature and humidity levels,

average speed and idle time, vehicle-miles-traveled (VMT), percent of VMT in cold-start, hot-

start, and stabilized operations, trip length, and fuel volatility." The gathering of exhaust

emissions data is accomplished with three test segments. For Segment No. l (cold-start test),

emissions for the first 505 seconds after engine start-up are collected. For Segment No. 2

(stabilized test), emissions are collected for the next 870 seconds. Finally, for Segment No. 3

i m| ,i

The number of model years for the in-u_ fleet was expanded from 20 to 25 with the mlcasc of MOBILE4. I (see User's
Guido to MOBILEA.I, Soc. I.I.4.).

The meamm of volatility is Reid VaporPrem,mre. Vapor prmmum measures the level of sarfac¢ pressure in pounds per
_mm in©h (psi) mqainal to keep • liquid from vaporizing. Vehiek_ am toated at a e,enified RVP of 9.0 psi.
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(hot-starttest), the engineisturnedoff for a ten-minuteduration,and is restartedand run for an

additional505 secondswith emissionsbeing collected.The EPA conductsthe testcyclesat both

low and high altitude locations.

BasicEmissionRates. The basicemissionrateis calculatedby a two-step formula basedon the

assumptionthat emission ratesincreaselinearly with respectto accumulatedvehicle mileage.

First, a zero-mile emissionlevel is obtainedfrom the in-usevehicle testing resultsfor a specific

model year and pollutant. Added to this basicemissionrate is an adjustmentthat reflectsthe

culmulativemileagefor the modelyearvehicleanda per-10,000 mile emissiondeteriorationrate.

The two stepformula accountsfor vehicles with cumulative mileageof lessthan 50,000, and

vehicleswith mileage in excessof 50,000. The following example showsthe equationsand

calculationsused to obtainbasic carbonmonoxideemissionratesfor light-duty vehicleswith a

1990 model year.

Basic Emission Factor Adjustments. The basic emission factors are adjusted with a series of

general and pollutant-specific correction factors to account for ambient and vehicle operation

characteristics that differ from the standardized federal testing conditions. The adjusted BER

equations are as follows:

ADJBEFHc= {[(BER* OMTCF)- OFFMTH]* PCLEFT}+ OMTTAM
ADJ'BEFco= (BER* OMTCF* PCLEFT)+ OFFCO+ OMTTAM
AD_EFNO== (BER*OMTCF) + OMTIAM
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Ezsmple 1: Calculating Carbon Monoxide Base Emission Rates

BER Two-Stev Formula

BER = ZML + (DRI * M), for M < 50,000 Miles
= ZML + (DRI * 5) + (DR2 * (M - 5), for M _ 50,000 Miles

where

ZML = Zero-mile emission level in 8pro
DR1 = Emission deterioration rate for vehicles with less than or equal

to 50,000 miles, in 8pro per 10,000 miles
DR2 = Emission deterioration rate for vehicles with more than

50,000 miles, in 8pm per 10,000 miles

M = Model year cumulative mileage divided by 10,000 miles

Assumptions;

(I) CO emissionsareforlight-dutygasoline-poweredvehicleswitha 1990model year
(2) Testsconductedatlow altitude

(3) Calculateemissionlevelsatcumulativemileageintervalsof50,000and I00,000miles.

50.000MileEmissionLevel:

BER = 2.813 + (0.769 * 5) = 6.658 grams per mile CO

100.000 Mile Emissi9n Level;

BER ,_ 2.813 + (0.769 * 5) + (0.961 * (10 - 5)) = 11.463 grams per mile CO

Data Source: U.S. Environmental Protection Agency Office of Mobile Sources, Supplement A,
Compilation of Air Pollutant Emission FaetorJ, Volume H - Mobile Sources (AP-42), January
1991.

The equationtermsaredescribedbelow:

Temperature/Operating.ModeCorrection Factor (OMTCF)-- This multiplicative

correctionfactoraccountsfor the observationthat vehicles producea smallerquantityof

emissions as they move from cold-startto stabilizedand hot-startoperatingmodes. The

OMTCFis expressed as a sum of VMT-weightedlinearfunctions of the fleet cumulative

mileage for each model year, adjustedfor (1) the emissions contributionattributableto
each operating mode (represented as intercept and slope coefficients of the linear

functions), and (2) a previously estimated temperaturecorrection factor for each model

year, pollutant, test segment, and ambienttemperature(not applicableto diesel-powered
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vehicles and trucks). As with the basic emission rate formula, OMTCFs are calculated

with a two-stage formula to reflect emissions deterioration for vehicles with cumulative

mileage greater than 50,000 miles:

OMTCF = (TERMI + TERM2 + TERM3) / DENOM

Cumulative Mileage S 50,0.00 Cu.n,mlat/ye Mileage > 50,000

TERMI = W'TCFI'[BI+(Dtt'M)] W'TCF,*[B l+(D11 "5)]+[Dn*(M-5)]

TERM2 = (I-W-X) " TCF2" [B=+ (Du " M)] (I-W-X) " TCF2" [B5+ (D2, " 5)] + [Dn " (M - 5)]

TERM3 = X " TCF3" [133+ (Dst " M)] W " TCFs " [B3 + (D31 " 5)] + [D3z" (M - 5)]

DENOM - Be + (I)oi " M) Be + (Dot" 5) + [Din" (M - 5)]

where:

W = fraction of veh/cle-miles-traveled in the cold startmode

X = fraction of veh/cle.milea.travel_l in the hot startmode

TCFi = high or low temperature correction factor (depending on ambient testing temperature) for

pollutant, model year, and test segment "i"

Bi --" normalized intercept coefficient for pollutant, model year, and test segment "i"

D e = normalized slope coefficient for pollutant, model year, test segment "i" and cuimulat/ve

milease level "j"(1 ff M < 5; 2 if M • 5)

M = cumulative mileage divided by 10,000 miles for each model year

The low temperature correction factor is applied when the ambient temperature is lower

than the reference test temperature of 75°F. For all pollutants, test segments, and model

years, except segment 1 (cold start) CO emissions for model years from 1980 and later,

a simple exponential model is used.'s In the case of cold start carbon monoxide OMTCFs

for model years 1980 and later, two additional calculation steps are necessary. First,

TCF ! is removed from the TERM1 equation in order to eliminate the temperature

correction related to the cold start mode. Second, an alternative additive version of the

low temperature correction factor is calculated, the "CO offset" (OFFCO), which adjusts

the cold start emissions for higher CO produced during the cold start mode. The CO

offset is multiplied by the percent of VMT in the cold start mode (the "W" term) and

adjusted for fuel volatility if the temperature is greater than 40°F. The CO offset term

a The equation is: TCF_, - EXP [TC_ " (T - 75.0)], where TCtp is a coeHicient for model year t, pollutantp, and test
sesment b, at the ambientreference temperatureof 75 degrees Fahrenheit;and T is the ambienttemperature.

EnergyModelingSystem
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is then added to the basic CO exhaust emission rate factor.

The high temperature correction factor equationfor pre-1980 model years, applied when

the ambient temperature is higher than 75°F, is similar to that of the low temperature

correction factor. For post-1979 model years, an alternative correction factor is used that

incorporates a fuel volatility correction component. The combined high temperature/fuel

volatility correction factor model is:

TRCF : e{[ *̂(RvP.e.o)]+[s*('r.vs.o)]+ (c•otvp.9.o)]*ft.:s.o))

where RVP is the fuel volatility level in psi RVP, T is the ambient temperature, and A,

B, and C are estimated coefficients.

Tampering Offset (TAMPOFF) -- A tampering and misfueling offset (in grams per mile)

is added to the basic emission rate to reflect the assumption that a certain fraction of flI-Ixt

vehicles have had emission control components disabled or fueling components damaged.

Such tampering and misfueling occurrences increase exhaust and evaporative emissions.

Tampering/misfueling types tracked by the EPA include air pump disablement, catalyst

removal, EGR system disablement, filler neck d_nage, fuel tank misfueled, combined

filler neck damage and fuel tank misfueled, PCV system disablement, canister

disconnection, and combined canister and fuel cap removal.

The EPA has conducted nationwide tampering/misfueling surveys since 1978, and data

for surveys completed in 1984, 1985, and 1986 have been incorporated into the

Tampering Offset calculation methodology. '9 The TAMPOFF is applied to only four

vehicle types due to the lack of comprehensive data: light-duty gas-powered vehicles,

light-duty gas-powered trucks (both weight categories I and H), and heavy-duty gas-

powered vehicles. The TAMPOFFs for each tampering type are calculated with the

following equation for calendar year n:

TAMPOFF = TAMP_= * PEQUIP"- * RATE,.

e Soume:Compilact_ofA IrPollulcmlEmLm'ionFaclor&Volume 2 --Mobile$oume& Supplem#mA, AppendixE,p.E-I.

Additional survey results 8athemd alter the publication of this document ate also included in the offset estimation equations.
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where:

TAMP_, = incremental increase in emissions from tamperedvehicles for model year i, pollutant

p, andtamperingtypem,
PEQUIP_, = percent of the model.year i vehicles that are equipped with item m that can be

tampered,
RATEi= ffi percent of model-year i vehicles with equipment m that has been tampered with.

The term, TAMP, is derived from linear regression equations with cumulative mileage in

10,000-mile increments serving as the regressor or explanatory variable (the regression

intercept is interpreted as the zero-mileage emission rate). The regressions yield

deterioration rates up to 50,000 cumulative mileage, with mileage in the 50,000 to

130,000 range handled with an additional adjustment factor representing each tampering-

type/vehicle.type combination.

The tampering-type emissions offsets are combined to form an overall composite offset

with each tampering-type offset adjusted with the applicable temperature correction factor

(TCF), and weighted according to the percent of accumulated vehicle-miles-traveled in

cold start, stabilized, and hot start modes. The tampering offset is not applicable to

diesel.powered vehicles and trucks.

Inspection and Maintenance (I/M) Program Exhaust Emission Benefl_ (PCLEFT) -- This

optional emissions rate adjustment factor accounts for the hydrocarbon and CO emissions

reduction benefits attributable to inspection/maintenance programs. The emission rateI/M

credits are estimated using a separate EPA model, TECH IV+, which is currently being

updated into a TECH 5 version that will include a NOx benefit submodel and other

revisions reflecting new I/M program data.5° I/M program parameters for the TECH

model include program startyeaJ, stringency level, first/last model years of vehicle subject

to program requirements, waiver rates, compliance rates, program type, inspection

frequency, vehicle type, test type, and availability of alternative I/M credits for certain

technology groups. The I/M program emissions benefit is not applicable to diesel-

powered vehicles and all truck types.

Medume Offset (OFFMTH) --- This grams-per-mile offset is used to adjust the

hydrocarbon basic emission rate when nonmethane HC emissions are estimated. Model-

Jo The only NO, reductionbenefit currentlymodeled is from a reductionin tamperingrates resultingfromI/M prosrams.
EPA analysis of transient I/M test (IM240) data indicates that additionalemissions reductions result from NOx outpointI/M
programs.(See Appendix E.EM.C,List of PotentialRevisions for MOBILES,Item No. 3-5.)
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year offsets are calculated for each of the three test segments.

The BEFs are further adjusted by a composite speed, air conditioning, extra load, and trailer

towing correction factor (SALHCI_, with the following form:

SALHCFHc.c o = SCF * ACCF * XLCF * TWCF
and

SALHCFNo_ = SCF * ACCF * XLCF * TWCF * HCF

Each of the equation terms are described below.

Speed Correction Factor (SCl_ -- Federal test procedures call for the collection of basic

exhaust emissions at an average speed of 19.6 miles per hour. To account for higher and

lower average speeds exhibited by in-use vehicles, correction factors for three speed

ranges were calculated using linear regression.5_ The ranges are low speeds (2.5 to 19.6

mph), moderate speeds 09.6 to 48 mph), and high speeds (48 to 65 mph). The speed

correction factors are delineated by model year group, technology, pollutant, and emission

level (i.e., normal vs high emitters), but are weighted and combined into one basic speed

correction factor applied to base emission rates.

Air Conditioning Correction Factor (ACCI_ -- The air conditioning correction accounts

for the impact of air conditioner operations on pollutant emission Wpes at various ambient

temperatures for each model year (This factor is not applicable to heavy-duty gas-powered

vehicles, light-duty diesel-powered vehicles, light-duty diesel-powered trucks, and heavy-

duty diesel-powered vehicles). The correction factor is expressed as a linear relationship

to temperature, adju.qed with a multiplicative factor that reflects the fraction of AC units

in use. The air conditioning correction factor equation has the following form:

ACCF=V*U*[A+(B*(T-75)-I)]+l
where:

V = fractionof vehicles_luippedwithAC,
U = factionofAC unitsinuse= 0DI-70)/10,whereDIisthetemperaturediscomfortindex,
DI= (('DB+WB)'0.4)+ I$,

DB= drybulbtemperature,

st The speed cormcl/onfazton am normalizedto the speed associatedwith a weighted sum of the cold startand hot start
mode VMT fractious. The SCFs were derivedfrom mulfiplicativelinear regression equations.

NationalEnergyModelingSystem
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WB = wet bulb temperature,

A = intercept coefficient,

B = slope coefficient,

T = ambient temperature.

Extra Load Correction Factor (XLCF) -- This correction factor incorporates the impacts

on emissions of an increase of 500 pounds to the test standard vehicle weight, which

includes a driver and one passenger. (This factor is not applicable to heavy-duty gas-

powered vehicles, light-duty diesel-powered vehicles, light-duty diesel-powered trucks,

and heavy-duty diesel-powered vehicles). The extra load correction factor equation is:

XLCF = [(XLC - 1.0) * U] + 1.0

where XLC is a factor coefficient for each model year and pollutant, 52 and U is the

frac_on of vehicle-miles-traveled with the extra load.

Trailer Towing Correction Factor ('l_Cl_ -- The trailer towing correction factor, which

accounts for the effect on emissions of an extra trailer weight of 1,000 pounds, is

calculated with an equation that is identical in structure to that used for calculating the
extra load correction factor:

TTCF= [(TTC- 1.0)* U] + t.0

where TTC is a factor coefficient for each model year and pollutant,53 and U is the

fraction of vehicle-miles-traveled with the extra trailer load.

This factor is not applicable to heavy-duty gas-powered vehicles, light-duty diesel-

powered vehicles, light-duty diesel-powered trucks, and heavy-duty diesel-powered
vehicles.

NOt Humidity Cormclion Factor (HC10 -- NOx emission factors are normalized to 75

grains of water per pound of dry air. To achieve this normalization given various

,,,,,, ,,,,,,--

n For example, XLC varies from 1.0786 to !.0455 for low altitude light-duty gas-powered vehicles, depending on the model
year. The XLC range for CO is 1.3058 to 1.1347, and the range for NOx is !.0719 to 0.9535.

ss For example, TTC varies from 1.7288 to !.26.14 for low altitude light-duty gas-powered vehicles, depending on the model
year. The TTC range for CO is 1.8940 to 3.9722, and the range for NOx is 1.1184 to 1.3875.
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humidity levels, a multiplicative correction factor is applied to the composite NO_

SALHCF. The following HCF equation is applicable for all model years:

HCF = 1.0- 0.0038 * (H- 75.0)

where H = humidity level in grains of water/lb, dry air. This humidity correction factor

is not applicable to heavy.duty diesel-powered trucks.

Data obtained from monitoring emissions at different Reid Vapor Pressure levels shows that

hydrocarbon and CO emissions increase as volatility increases. For exhaust emissions at fuel

volatility levels different from the test certification RVP of 9.0 psi, and when the ambient

temperature is greater than 40"F, a fuel volatility correction factor (RVPCF) is applied to the

basic hydrocarbon and CO emission factors.

There are three fuel volatility correction factor equations, with the selection based on vehicle

model year and ambient temperature. For model years 1971 through 1979 (and at all

temperatures), the RVPCFs for hydrocarbons and CO are based on a simple linear extrapolation
modelS4:

RVPCFHc = (0.56222 + 0.012512 * RVP) / 0.67483

RVPCFco = (7.1656 + 0.33413 * RVP) / 10.17277

For post-1979 model years and at a temperature greater than 75°F, the RVPCF is incorporated

with the hitch temperature correction factor discussed in the Temperature/Operating-Mode

Correction Factor (OMTCF) section.

]:or post-1979 model years and at a temperature in the 40°F to 75°F range, a two-step correction

procedure is used. First, a RVP correction factor evaluated at 75°F is obtained using the

combined high temperature/fuel volatility model. The resulting RVPCF is then used as an input

to the following equation:

RVPCF ffi= 1.0 + {[(RVPCFTs.F - 1.0) * [(T. 40.0) / 35.0)]}

where T is the ambient temperature in the range of 40°F to 750F.

s, The deaominstor value represents the numerator evaluated at the certification Reid Vapor Pressure of 9 psi.
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The post-1979 model year fuel volatility correction factors are also disaggregated based on test

segment and fuel delivery system (carbureted, throttle-body fuel injection, and multi-point fuel

injection).

Evaporative Emiuiom Factors. In addition to the basic exhaust emission factors for

hydrocarbons, evaporative emissions from carburetion and fuel tank systems must be included

in the consolidated hydrocarbon emission factors. The EPA models five types of HC evaporative

emissions: crankcase, hot soak (evaporative emissions occurring after a trip), diurnal (release of

fuel vapors due to an expansion of the air-fuel mixture in a partially filled fuel tank when the

ambient temperature increases), running loss (emission generated during vehicle operation), and

refueling (displacement of fuel vapor from the tank during refueling, and spillage). Evaporative

emission factors are not applicable to diesel-powered vehicles and trucks.

Crankcase, hot soak, and diurnal emissions (CCERVT) are calculated with one equation:

CCERVT = [(HS + TAMPHS) * TPDj] + [(DI + TAMPDI) / MPDj] + (CC + TAMPCC)

whelr¢:

HS = Hot soak mission rates in grams per trip, corrected for temperature and RVP fuel

volatility,
TAMPHS= Excesshotsoakemissionratesdueto tampering,correctedfor_.'v'Pfuelvolatility,

TPDj= Tripsperdayforagej vehicles,
DI= Diurnalemi_on ratesin grams,correctedfortemperatureandfuelvolatility,

TAMPDI- Excessdiurnalemissionratesdueto tampering,correctedfortemperatureandRVPfuel
volatility,

MPDj = Miles.per-day values for age j vehicles,

CC= Crankcasemissions in gramspermile,
TAMPCC= Excesscrankcaseemissionsduetotampering.

Running loss emissions (RNGLOS) are calculated in a similar manner: loss emission rates in

grams per mile are corrected for temperature and RVP fuel volatility (RULOSS), and then are

added to the excess running loss emissions ascribed to tampering (TAMPRL).

Refueling loss emissions (REFUEL) are calculated by adding together the displacement fueling

losses corrected for RVP fuel volatility (DISP) and an average spillage rate (SPILL), both

measured in grams per gallon. This figure is divided by the road fuel economy rate (ROADFE),

measured in gallons per mile.

All evaporative emission factor components are modeled as a function of the ambient temperature
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and fuel volatility. Runninglosses aremodeled with two additionalvariables-- averagespeed
and trip duration. Refueling losses are modeled with one additional variable, defined as the

temperaturedifference between the dispensed fuel and the residual tank fuel. EPA"has also

recently incorporatedinto its modeling the results of inspection/maintenanceprogramtesting for

fuel/evaporativecontrol system leaks and the capabilityof the carbon canisterto properlypurge
vapors. The impact of "pressureand purge" problems on hot soak, diurnal, and runningloss
emission rates are reflected in MOBILE4.1.ss

Calculationof Travel WeiEhfingFractions. After emission factor correctionshave been applied
to the basic exhaust emission factors, and hydrocarbonevaporativeand exhaust emission factor

components have been addedtogether, travel weighting fractions(TFs) are appliedfor deriving
the final consolidated emission factors.

The TFs representmodel-yearproportionsof total vehicle-miles-traveled for each vehicle type.

They are calculated with the use of an annual mileage accumulation rate distribution, a

registrationdistributions_,and a diesel sales distribution(applicableto all vehicle types except

heavy-duty gas-poweredvehicles and heavy-duty gas-poweredtrucks).

Example 2 shows the calculation of a consolidated hydrocarbonemission factorfor model-year

1988 light.duty gasoline-poweredvehicles.

ss User's Guide m MOBILE4.1, S_. 1.1.6, p. 1-12.

The EPA coUects July I reBistmtioQ data, which is adjusted to reflect resistration activity as of January 1. Vehicle sales
are assumed to be uniform thmu$hout the year.
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Example 2: Calculating a ConsolidatedHydrocarbon EmissionFactor for
Light-Duty GasolinePowered Vehicles

Assumption_

(1) HC emissions are for light-duty gasoline-powered vehicles with a 1988 evaluation calendar year,
20-model-year vehicle window, with testing conducted at low altitude.

(2) Daily minimum and maximum ambient temperatures are 60°F and 80°F, respectively.
(3) All conditions match the basic federal test conditions (i.e., air conditioning, extra load, trailer

towing, humidity levels, and other basic exhaust emission correction factors have no affect on the
calculations, and are therefore set to 1.0).

(4) No inspection/maintenance or anti-tampering programs are assumed.
(5) Certification fuel volatility of 9.0 psi is assumed.
(6) Total HC emissions are calculated at an average speed of 30 miles per hour.
(7) Percentages of vehicle-miles-traveled in the cold start, stabilized, and hot start operating modes

are 40%, 30%, and 30%, respectively.
(8) Basic HC emission factors are adjusted for the effects of tampering.
(9) Methane is included in HC calculations.

Consolidated Emission Factor Equation

COlq'BEFHC, -- _ TFi * [(BEF * SALHCF) + REFUEL + RNGLOS + CCEVERT]

wlaa¢:

ODNBEFHC,=Comolidat_ HydrocarbonEmissionFactorforcalendaryearn,
TFi- TravelWeightingFractionforModelYeart,

BEF=AdjustldHydrocarbonExhaustEmissionFactor,
SALHCF-SpeedConecl/onFactor,
REFUEL=_iin$ HCEmissionFactor,
RNGLOS=Runnin$Lou HCEmissionFactor,

CCEVERT=C_ andEvaporativeHCEmissionFactor.

NationalEnergyModelingSystem
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Data Table

CONBEFHC,:
TF*(BEF*$ALHCF)+
REFUEL+RNGLOS+

Model TF BEF SALHCF REFUEL RNGLOS CCEVERT CCEVERT

..... Year (i) ......... _pm ) _pm ) (spin) (spin) f_pm) i i

1988" 0.0307 0.415 0.730 0.243 0.254 0.147 0.029

1987 0.1209 0.472 0.730 0.244 0.254 0.155 0.121

1986 0.1102 0.577 0.730 0.248 0.264 0.177 0.122

1985 0.0985 0.688 0.730 0.255 0.275 0.215 0.123

1984 0.0879 0.808 0.730 0.262 0.285 0.258 0.123

1983 0.0783 0.938 0.730 0.266 0.294 0.300 0.121

1982 0.0679 1.257 " 0.730 0.263 0.303 0.345 0.124

1981 0.0598 1.480 0.730 0.272 0.311 0.390 0.123

1980 0.0537 2.507 0.730 0.291 0.551 0.576 0.174

1979 0.0481 4.941 0.730 0.335 0.559 0.620 0.246

1978 0.0427 5.253 0.730 0.339 0.566 0.665 0.231

1977 0.0381 $.$05 0.730 0.370 0.650 1.$15 0.250

1976 0.0328 5.807 0.717 0'387 0.656 1.593 0.223

1975 0.0280 6.043 0.717 0.427 0.662 1.674 0.199

1974 0.0237 5.844 0.706 0.473 0.668 1.759 0.167

1973 0.0197 5.945 0.706 0.473 0.673 1.846 0.142

1972 0.0167 5.906 0.795 0.465 0.679 1.937 0.130

1971 0.0134 9.089 0.798 0.469 0.683 2.726 0.149

1970 0.0104 9.296 0.811 0.451 0.715 3.$56 0.128

1969 0.0185 8.856 0.781 0.454 0.684 3.660 0.217

m
E

A_w-tt = 3,142

Data Source: U.$. Envimmaen_ _ Agm_ Off'goof MobileSources, ¢duppltmensA. Compilation of Air Pollutant Eminion Footo_.
Vobanm II- Mobtb $ou_ (AP42), January1991, Appendix G.

ii ii i
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DAC Highway Mobile Source Emissions Factor Methodology

Carbon Monoxk/e, Vo/a_/e Organic Compound, and N/m)gen Ox/de
Emission Factors: ConvemJonal Vehicles

DAC calculated VOC, CO, and NOx emission factors for highway sources using a two-step

methodology. First, MOBILE4.1 model runs were conducted to obtain baseline emission factor

forecasts. Second, off-line adjustments to the baseline emission factor forecasts were made to

reflect the new CAAA regulations that have not been incorporated into the MOBILE4.1 solution

algorithms. Table F-35 provides the adjusted MOBILE4.1 emission factors for conventional

vehicle types. 5_ The vehicle types consist of LDGVs, LDGTs (combined Class I and 2), HDGVs,

LDDVs, LDDTs, and HDDVs. Table F-36 provides the EPA definitions for each of the vehicle-

type categories.

Emission factors for heavy-duty diesel-powered vehicles (HDDVs) should be used for diesel-

powered buses. This is recommended by the EPA, which cites the similarities between the two

vehicles types as well as the lack of comprehensive e_ _ :ion testing for buses (note that the EPA

bus emission factors are reported in grams per mile as opposed to the TERF lbs./1,000 gal.

specification). Efforts at improving the EPA bus emission data base are ongoing because of

concern that the HDDV emission factors do not accurately reflect in-use characteristics of buses
in urban areas.

A complication results in trying to combine the EPA vehicle-type emission factors into the freight

truck category designated in the TSCDR. As shovm in Table F-36, the EPA vehicle-type

categories for heavy-duty vehicles and trucks do not correspond to the weight categories used by

either the TILTSor the FHWA Highway statistics report. The EPA uses a weight cut-off of 8,500

pounds GVW for its heavy-duty classifications. Trucks with an average weight greater than

10,000 pounds are classified as medium, light-heavy, or heavy-heavy by the TIUS. There is no

weighting method that proves satisfactory for normalizing the EPA emission factors to the FHWA

weight categories. Therefore, we recommend that the EPA emission factors for gasoline and

diesel heavy-duty vehicles (HDGVs and HDDVs) be used as the TERF freight truck emission
factors.

Five-year inmrvil forecams were interpola_.d to produce year-t_-year emission factors.
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Table F-35. Adjusted MOBILE4.1 Emission Factors
' ill

! !!ili: 'm)ov '.....
1991 2.33 18.67 1.16 3.84 26.16 1.81 9.90 90.91 _.61

1992 2.s9 16.s9 o.94 3..51 23.47 L7O 9.0.5 8L.53 .5.41
1993 2.89 15.28 0.76 3.21 21,06 1.59 8.27 73.12 .5.21

1994 3.22 13.83 0.62 2.93 18.89 1.49 7.$.5 65.$8 .5.02

ii!ii!iiii_i!iiiiiiiTii!i:i::!ili:_ii_-_i_ii!ii:.71_iTili!i_:i_iiT._i:,:_:iii!_e_::i_i:_:ii::77:_ii:_i:!iiii_iii_::!:ii_i!i!_95_:__i:_i_iii_.__ i_i_i_.:6_!_.,_:_::SU2_:__:_;:_._:_8_i._!_-
1996 2.98 11.88 0.50 2.$4 15.72 1.35 6.45 _2.74 4.73

1997 2.47 11.29 0..50 2.41 14.$8 1.29 6.04 47.28 4.63

1998 2.05 10.72 0.50 2.28 13.$3 1.24 _.65 42.39 4..53

1999 1.70 10.18 0.50 2.16 12._ 1.20 .5.28 38.01 4.43

2001 1.34 9M/ 0.50 136 11.01 1.13 4.66 31.50 4.29

2002 1.27 8.88 0,50 1.87 10.41 1.10 4.40 29.11 4.26

2003 1.21 8..51 0.50 1.79 9.8_ 1.08 4.1.5 26.90 4.22

2004 1.1.5 8.1.5 0.50 1.71 9.31 1.06 3.92 24.86 4.19

i!i!i:/:_iiii!ili!il iiiiiii:.]_!iiii:ii:!i:iiiiiii_li!!_M::_i_i:._iT!:ii_!!iii!ilil!ii!iiiiii!!iii]i!6_i:_i_:i!!:!./ii:ili!:L:i:_ig_ill::_ : ' l.Oi:_:__ i!_3_70i._: _2Z98_:' :__ili.l_$::-_
;.:....,:.:;..,;,.,:,;.;.:.:,...:.........;...........:::.;:,...;.,.,.;,+...:..::"::::,',;':;.:.;;.;,,:,.:•.:.,:_...:,;:::.,:_.:.,.::....;;.':.;::.:;,;;:::...,;: . •,::..., ..., . .: .:, ,.... , , .,:,-.... :.::.: .., . ,:

2006 L09 7.7S O.SO t._2 _Ts L04 3.66 2223 4.t3
2007 1.09 7.76 0.50 1.62 8.69 1.03 3.61 21.71 4.11

2oo8 Los 7.73 o._o i.6t 8._ L03 3._7 2_.so 41o
2009 1.08 7.71 0..50 1.61 8.58 1.02 3..53 20..51 4.08

iiiii_iii_Oiiiii!ii!ii!!iii!!!i_:i:.!_iiiiiiiiiiiili:-_!!!!!i:.!_i!i_:_::_: _:}!_!:_i!ii_ii;:_:!II_!::::i!_!_1-;60.... iI.._'2 1.O2 _ ,!L 3.49__ ":19,93 ' _..4_06" "
:"':':':':::;:'';':':':;'::;;:':'': '":"" ";;""::';:':" " ';";*''" ;: " " ' ';'"' '""":" ': :": " " ' .... i:;

2011 1.08 7.67 0.50 1.60 8.$2 1.02 3.49 19.87 4.05

2012 1.08 7.67 0.50 1.60 8.$2 1.02 3.49 19.81 4.04

2013 1.08 7,66 0._0 1.60 8.$2 1.01 3.48 19.76 4.04

2014 1.08 7.66 0._0 1.60 8.$2 1.01 3.48 19.70 4.03
I',;':. ;".:_ : : ,ii!iiiiiii!_i_i!iii!i!!i!?_!iiiii:i_iii:_i!:i:!iiii'.i_:ii_:_i:;:.:._i_:_:_! :., i!!_;:.7_:_i_: .::i_ , .,. :1_11!:_ : i"_0t./::.:i" _i:. 3;48 _ 19;f_t:' 4,02

•;,:,:.:..;,,;,;.,.:,:,:+:,;.;.;........ ,..........;.,.,.:;... :.:... ,,::,..:-.;:,,;.:;;,:.:;......,.,;,..,,..;.,......:.... ...:.,.,., , ,. : • . .. ,:;

2016 1.0S 7.63 0.1 1.60 8.Sl i.01 3.48 19.64 4.02

2017 1.08 7.6S 0.50 i.l 8.51 l.Oi 3.48 19.64 4.02

2018 1.08 7.6.5 0.50 1.60 8.$1 1.01 3.48 19.63 4.02

2019 l.OS 7.6.5 0._0 1,60 8.50 l.Oi 3.48 19.63 4.02

:,,:,;:..:,.:;.:;,;.:.:.;,:.:.,;.:.;.. .:.:,.:,..:.,.;...... : ,:,.,.,.:,:.;...;,..;.::;.:,.,;.:.;,,:.;.:,.;.,..:.:..:,:,:;,,.:.:..•:. , . . .. ,...:., ,.. •..: :.;.;. .,. • ..,:;., , ,

' ill

i.i.ii!U_':!i':i!iT!?_!_ii.iiiiT;i;!ii!N.i!i.i.ii:.iiT:i;i]!':.ii.i_;_i;?::::Tr._.!7.1!7.:;il!Niii?i''.iii!_+!,;li::LiTiii;:;<7::_7:_:,;.:i.,:,__01:_:.,::i;:.s_i3!48_: +;!ig:_i_/.• ::i::_:::_.

Adjustment notation:

(I) LDGV's: Adjust VOC downward by 0.14 8pro for 1995 throush 2030 to reflect decrease in exlmuse

emission standard from 0.39 8pro to 0.25 8pro.

(2) LDGV'S: Assume NOs emissions of 0.50 8Pm besinnin8 in 1995 and forward to reflect new/in-use

standard fo 0.40 Spin end 0.6 slim lO0,O00-milecertification standard.

(3) LI_V's: CO emission factors include new cold temperature standards.

(4) LDDV's: MOBILE4.1 emission factors are below standards; therefore no adjustments to LDDV emission

factors ere necessary.

(5) HDDV's: MOBILE4.1 ineorporstes 1994 HC and CO standards. NOx standard was lowered, but

MOBILE4.1 produces forcast emission factors at about the same level as the standards.
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TableF-35. (Continued)
I,DDV: :i;ii ii: !i_ii!ii:.' LDDT _i HDDV

........ " '.... " ' " ' ' " i " ll,i li'Ii i ii iiiii ,i i|,i i

L_iii:i:':: ::i!;'i!:0,_I!. "i|,_.7'':i:iri:':'ii:rii!':'i|_i:i: ':' !::ii"ii:: 0.96ii::i LO_I ' 1.87 .... ' 'Z84 :iii:i . _ il'3_O_:i'.i i: : r.'::i'lgL45:

1_1 0._ L68 t.63 0._ _.91 1.56 2.73 12.v5 lv.Tz
1992 0.73 1.70 1.64 0.98 1.91 1.85 2.62 12.49 16.14

1993 0.74 1.71 1.64 1.00 1.92 1.85 2.$2 12.22 14.70

1994 0.75 1.73 1.65 1.01 1.92 1.84 2.42 11.96 13.39

iiii!ii:_!::!!il_!iii!ii!ii_:!i!:.ii::i_:i_ili:,; _!!i!i_i!_i74ii_;ili_iiii:!iiiii:!iiii::_ii:.i:.i!i iii!_:_!_[!_i:_ '_i!_ 'Lg3 ii_i:::_21 .... : !l.l:iTli::_.i::! !::ii!l_O:.....

19_6 0.74 1.v1 1._ 0.98 _.s_ 1.76 _28 t_.61 _1.56
1997 0.71 1.68 1.53 0.94 1.85 1.69 2.25 11.$1 10.94

1998 0.69 1.65 1.48 0.91 1.81 1.62 2.22 11.41 10.37

1999 0.67 1.63 1.42 0.87 1.78 1.56 2.18 II.31 9.82

iiiiiiii!_._iiiiiiiii!il:, !_iii_!i::_iiii_iii_!i_i_!i_iiii_!!!I_:.i_i:i_i_i_!_i_ii_ii_:_i!i_?_i_i!i:_i_i_ii!iiii_:!:il;!;O,_iiiii_!.i! ::Z_74.'_, :!t,$O ::;! .!'.iii..Z15:: i1_i21!_i.... 9:'30!:: _i
20e_ o.e2 1.57 L_2 o.so 1.vo 1.44 2.14 11._s 9.11
2002 0.59 1.53 1.27 0.76 1.66 1.39 2.13 11.16 8.92

2003 0.$7 1._0 1.22 0.73 1.62 1.33 2.13 11.13 8.73

2004 0._4 1.47 1.17 0.69 1.59 1.28 2.12 1LII 8._S

!_i_i]!i!ii':2_:-ilili!ii::!i!i!i::_i_i_:_!:_i_:_:!_!_!ii_!_i_!!_1_:_ii_i_ii!ii_]i_1_:_ii_iiiiii!:i_ii:_ !_ : _:t_5_i__ _:;.:t.ZS::_ i :_I:1:. _ :_itt.08_: ::g_::_-
2006 0.52 1.44 1.12 0,66 1.55 1.22 2.11 11.07 8.32

2oo7 o.5_ 1.43 1.11 0.66 1.55 1.21 2.11 11.o7 8.27
2008 0.51 1.43 1.09 0.65 1._4 1.21 2.10 11.06 8.21

2009 0._0 1.42 1.08 0.65 1.$4 1.20 2.10 11.06 g.16

i;iii_!iii2oib!_ii_:iiiii!i_!i!iiii:#_ii__ii:ii1:._2:!;_ii.t:_:!i_ii ii]ii.i:o.es. u4 t._ 2:!o tti0_: :s.tr
2011 0.50 1.42 1.07 0.65 1.54 1.19 2.10 11.05 8.10

2012 0.$1 1.43 1.0g 0.65 1.54 1.19 2.10 11.05 8.09

2013 0.51 1.43 1.08 0.66 1.54 1.19 2.10 ! 1.04 8.07

2014 0.$2 1.44 1.09 0.66 1._4 1.19 2.10 11.04 8.06

!:_iiii:.!i!!::_:ii!i::ili:iiii::::_!_i_iii!ii!_i_i_:i_!i_i_.:_::_!_i_iii:_iii_!i_:ii:i::_:i_iiI iiii:ii:ii'i_6iiiiii!:i:i iii_il_:ii-.... ilii9::_ :i ii'i. _lOi!_,..i _iiiitl".04:_._.._i:_ii_i_OSi_i__.i

2016 0.52 1.44 1.09 0.66 1._4 1.19 2.10 11.04 8.05

2017 0.52 1.44 1.09 0.67 1.55 1.20 2. l0 11.04 8.05

2018 0._2 1.44 1.09 0.67 1.55 1.20 2.10 11.04 8.05

2019 0.52 1.44 1.09 0.68 1.56 1.21 2.10 11.04 8.05

i!:.i!!!ii_!!iiii!il iii!ii:i6_2!ii:_i_ii:i!_i',:::!iiiii:_ili_i?i_iiiiiiiil!09!ii!i_!!i!iiiii!iiii!ii_iiO.68i.:_i/: :_L$6: • _ :.l,21_::_i_" !:_iliZIO ',,i_.: ili:!_!_ ....: i_8i05_::._!i

iiiiii_!_i_iiiii:!i!!iiiiii_:ii__:_i/:::_:::i!i!i!iit_i_i!iiii!_iiiiiii:io_:::ii:_:::i:_se_:.... t._l: ::ii 2:1o: _::::1:_:_04::_:::s_o_:.................. ... ..... ..... ..... .... . _._ ._.. .. ..,....,. ,, , :. ...... . . .

Adjustment notation:

LDGV's: Adjust VOC downward by 0.14 8pro for 1995 throush 2030 to reflect decrease in exhause

emission standard from 0.39 8pro to 0.25 8pro.
LI_V'S: Asmnne NO_ emissions of 0.50 8Pm beginning in 1995 and forward to reflect new/in-use

standard fo 0.40 _ and 0.6 8pro 100,000-mile certification standard.

LDGV's: CO emission factors include new cold temperature standards.

LDDV's: MOBILE4.1 emission factors are below standards; therefore no adjustments to LDDV emission

factors are necessary.

HDDV's: MOBILE4.1 incorporates1994 HC and CO standards. NO, standard was lowered, but

MOBILE4.1 produces foreastemission factorsatabout the same levelas the standards.
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Table F-36. EPA Highway Vehicle Classification Categories and Definitions

i 'It '

Light-dmygmoline-powemdvehkim Gas.fu_iedvehicleprimarilydesignedfor passenger
(LDGVs) lrmspo_flm wilh a designcap_ity of 12personsor less.

Lit_-duty lpmoline-powemdtracks,Chum1 Diesel-fu_ledvehicleprimarilydesignedfor psssenger
(LDGTIs) lrmmportationwith• designcap_ity of 12pmsonsor less.

i i ii iii

Light-duty Ipmolim_?owmedlmcks,Chum2 Ou-fueled vehiclewitha GrossVehicleWeight(GVW)
(UXTT_) _ 6,001 sad 8,:500pounds.

ii iiiii i

Hexvy-dmy gmolim-powemd vehicles (HDGVs) Cm_.fmledvehicle daign_l to emTyproperty,with a _mm
Vehicle Weight (GVW) over 8,500 pounds, or, any vehicle
dmigmmmlfor pmu_ger ermmpor_on having a design mq_acity
of mo_ Uum 12 penKms.

Lighbdmy dimel-powemd vehicles Any diesel-Fueledvehicle dmignm_ primarilyfor passenger
(LDDVs) Immpmlat/onand hav/ns a design _/ty of 12 pen_M or

Light-duty diesel-powered trucks Any diesel-fuel_ vehicle designed prinmtily for property
(LDDTs) _ _,d ratedat 8,500 ibs. GVW or less.

Heavy-duty dimel-powenKlvehicla Any diesel-fueled vehicle designed primarilyfor property
(HDDVs) e=ns_ and ratedat more than S,._O0Ibs. GVW.

Source: U.S. Environmental Protection Agency, Supplement A to AP-J2 Folume H, January 1991.

DAC obtained the MOBILE4.1model from the EPA, and used the model to calculate national

CO, NOx,andVOC emission factorsto the year 2020 (the last MOBILE4.1forecastyear) using
a scenario-basedinput data set. EPA staff make the assumption that emission factors remain

relatively stable after 2010.5. Therefore,emission factors for 2020 are used for the subsequent

forecast years. As already noted, the MOBILE4.1 emission factors do not reflect many new
CAAA standardsthat should affect emission rates after 1993. Post hoc adjustmentsneed to be

made to accountfor new vehicle standards, in-use standards,and other CAAA emission control

requirementsif the forecastedemission factors exceed the standards in any year. It is important

to note that any emission factor adjustmentsare based on gross assumptions,with the resulting
emission factors considered to be interimin nature.

The MOBILE4.1 input data set consists of a series of user-specified control flags, data inputs

common to all emission scenarios,and data inputs specific to an individual scenario. In addition

to regulatingprogramexecution and input/outputstream formatting,the control flags determine

model actions such as the use of emission control device tamperingrates, averagevehicle speed

selection, mileage accumulationrate selection,VMT mix selection, I/M programimpact, ambient
temperatureselection, and many other factors. Control flags specifying EPA defaultvalues and

s, Permul communication with Lois Platte, EPA Motor Vehicle Emission l.atbomtory, Ann Arbor, Michigan, June 26, 1992.
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national averages were included to the maximum extent.

The greatest difficulty in developing the MOBILE4.1 data set was accounting for the impact of

inspection/maintenance programs. MOBILE4.1 was not designed with the capability for

estimating national average I/M program impacts. The I/M program data set record must be

specified according to local UM program attributes. Such program attributes are highly

customized to met locale-specific implementation needs, and therefore cannot be formulated into

a national average I/M program. Further complications result from the fact that I/M programs

are not required nor implemented in many areas of the country, and new EPA regulations have

resulted in greater complexity for existing and planned programs.

To account for the effects of I/M and anti-tampering programs on emission factors, a model-run

interpolation method was used. Inspection and maintenance programs are required for 162 ozone

areas based on CAAA regulations. A data set was created that included parameters and data for

an "enhanced" I/M model program (required for serious, severe, and extreme ozone nonattainment

areas) as outlined in the EPA's Notice of Proposed Rulemaking. s9 An enhanced I/M program

includes mmual centralized testing for light-duty vehicles and trucks, and include such tests as

the transient IM240 exhaust emission test, the transient purge test, the pressure test, the two-speed

exhaust test, and the idle exhaust test. The EPA estimates that such an I/M program could reduce

vehicle VOC emissions by 28 percent, CO emissions by 30 percent, and NOx emissions by 9

percent?°

A MOBILE4.1 emission factor based on national imposition of enhanced I/M programs is

assumed to represent an upper bound for vehicle emissions. To account for areas that have no

and anti-tampering programs, a MOBILE4.1 data set was created that excluded operating I/M

and anti-tampering programs. Separate sets of emission factors were generated from MOBILE4.1

model runs employing each data set. Composite emission factors were derived by taking the

arithmetic average of the two emission factor sets. Ideally, the composite emission factor set

should be calculated as a weighted average, using vehicle mileage data for each type of ozone

nonattainment area and I/IVlprogram type. Such a procedure is complex and time-consuming

(and perhaps not doable because of the flexibility afforded to the states for choosing _ program

elements), and could not be attempted given the resources available for this subtask. The simple

arithmetic average approach, while producing somewhat arbitrary results, is superior to assuming

EPA Notice ofPmposc, d Rulemskin8, "Vehicle Inspection and Maintenance Requirements for State Implementation Plans,"
40 CFR Part $1, July 9, 1992.

_o Ibid., section II.
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a universally-applied I/M program for all areas of the country. Such an assumption yields overly-

optimistic emission factor reductions.

Sulfur Dioxide and Carbon Dk)x/de Emission Facets: ConvenlJonal Vehicles

The EPA does not regularly monitor and report carbon dioxide and sulfur dioxide emissions for

highway mobile sources. The relatively small amounts of SO2 emitted by trucks and cars are

quickly converted to sulfuric acid, and therefore do not represent a significant air pollution

hazard. Although the EPA produced SO2 measurement procedures in the early 1980's, the

Agency has not published SO2 emission factors,a_

The SO2 and CO2 emission factors to be used in TERF come from the Argonne National

Laboratory's Transportation Energy and Emissions model (TEEMS). Table F-37 provides the

emission factors produced for the DOE Office of Environmental Analysis as part of data input

to the NESEAM model. 62 These emission factors include the effects of CAAA emission

standards, and are forecasted to the year 2030.

The TEEMS/NEASAM emission factors were reported in pounds of emissions per million Btu.

To convert the emission factors to a grams-per-mile equivalent, the following formula was used:

EFsp, = EF_s., x 57.9549 / IV_G_

EFm. = Emission factor in grams per mile,

EF_.. = TEEMS emission factor in pounds per million Btu,

MPG = TEEMS forecasted fuel economy for category c vehicles in 8allons per mile,

The TEEMS model does not report CO2 emission factors for heavy-duty diesel trucks and heavy-

duty gasoline vehicles.

st Personal communicationwithPennyCanny,EPA MotorVehicle Emissions Laboratory,Ann Arbor,Michisan, Ausust 4,
1992.

a See, Dectflon Analysis Corpom_ Mobile $owce Atr Emissions l_egula_ons and lnventor_e&Dm/'t Report, (Prepared
for the EIA Enersy Demand Analysis Branch under Contract No. DE-AC01-92EI21946, July 15, 1992).
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Table F-37. LDV Sulfur Dioxide and Carbon Dioxide Emission Factors

(Grams/Mile)
'Ill II _ ....... ,

._. : :!: :. : ::SO2 _ CO2.

_I:YEAR: II:EIDDT EIDGV LD'DT [ LDGT LDGV LDDT I_GT LDGV
' "" ", ' ," J I ill I " IIII r ] i] i i i]

_ lm;: :_t3_ 03_ 0'.51_ o.o_i" 0.0_ 178'.2613178.2613 9_0075i, _ "

i:_i!::I_JPI_i :. 1.0592 0.3913 03898 0.0957 0.0827 176.1273 176.1273 96.8204

ili::ii:i191J_iliii:ii 0.8075 0.3937 0.2947 0.0947 0.0809 174.0188 174.0188 95.6477

0.6157 03961 0.2228 0.0937 0.0791 171.9355 171.9355 94.4891

0.4694 03985 0.1685 0.0927 0.0773 169.8771 169.8771 93.3446

• -.0.09171 0.0756 167.8435 _ 167.8435. 92.2140
. ..

.i!::i:;./19_ii:::il:: 0.3516 03987 0.1263 0.0913 0.0747 167.1971 167.1971 91.$909

iiiiii!i::i._i_!i::i!ili!i!i!: 0.3593 03966 0.1253 0.0910 0.0738 166.5531 166.5531 90.9719

:::i::ii!./:ilLq_!!ii_:/::;il;0..1600 0.3945 0.1243 0.0906 0.0729 165.9117 165.9117 90.3572

i!i!iii_ii_!_ii!!ii!iii:(o_v,07 03924 0.1233 0.0902 0.0721 165.2728 165.272889.74_
:i:,:;iiiii:i::i:_ili:!;i!:i::.I!iiiii::ii!03_i1:$:i:i;;i:.. *.-03904-i_•. 0_1222. 0,0898 0,0712 164,6263 164,6363 89,1402

ii;:i:::i;:_:ili:I!i!!:::.......013_ ....... " 0,3"$"" O.1206 0.0887 0.0705 162.6740 162.6740 87.8486

;:i!i:i _!::i !!i::::;: 0.t467 03886 0.1190 0.0g75 0.0698 160.7351 160.7351 86.5757
.. :.. ,, .::., ....

_:_!_2005 i:iil;:i: 03396 03877 0.1174 0.0863 0.0691 158.8193 158.8193 85.3213

:.i;ii X_t :.:!.i 03326 03869 0.1158 0.0852 0.0684 156.9264 156.9264 84.0850

:i"iiii}_::i :ii::i_!iiii :":iili:03_L58: i:'03iftO .... 0.1143 ' O.OUI:. 0,0678 155:,0560 155,0560 82.8667
iii:::i:_i:::::::! I 0.3191 03851 0.1127 0.0830 0.0671 153.2080 153.2080 81.6660

0.3125 03843 0.1112 0,0819 0.0664 151.3819 151.3819 80.4827

0.3061 03834 0.1097 0.0808 0.0658 149.5776 149.5776 79.3166

:!::.if!_%;: 0,2998 03825 0,1082 0,0797 0,0651 147,7948 147,7948 78,1673

i:i!ii•_zeio;!;: :_i_i:;•o_i:_::•_ o38rr• :o,tim.... o.e'ru 0.o(,45 146.0333 146_0333 "/?20347
::!i:i:i•:_:iiii:/•7..... • .... .............. .... .......
.:::: . • .-;: .,:.. , ::

!!!il;;i:2O_O:::i.... !i 031806!::i 02413476: i I_i_ ! 0.076857 0.063419 146:0333 146.0333 77.03472

!i i

i::;: 24130!::ii::::;:: :;i;20_i806iii:i_i::i;::ii/0!4:1_6::i.:: .;0;]_8:: 0.07_57 0.063419 ;i! ' 146.0333 146.0333 "/7.03472

Source: Argonne National Laboratory Transportation Energy and Emissions Modeling System (TEEMS), Model run
ANL-9ON.
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Total Carbon Emission Faclors: Conventional Vehicles

The calculation of total carbon emission factors for gasoline and diesel fuels is straightforward.

The following formulae are used to produce carbon emission factors in grams per mile:

CarbonEF,.= 0.866* (2791.O/MPG)

CarbonEFam,= 0.858* (3192.0/MPG)

The constant values of 0.886 and 0.858 are the carbon mass fractions of gasoline and diesel,

respectively: 3 The constant values of 2791 and 3192 are the densities for gasoline and diesel

fuel, and were obtained from EIA's 1989 International Energy Annual (February 1991). _ To

obtain the carbon emission factors, the endogenously calculated TERF miles-per-gallon estimates

(MPG) will need to be passed to the emissions module. As currently configured, MPG forecasts

will be determined using the Argonne National Laboratory TEEMS methodology, which uses

lagged MPG and other economic variables.

Using Argonne's ANL-90N TEEMS run as an example, automobile and diesel freight truck

carbon emission factors for 1990, 1995, 2005 and 2010 are shown below (MPG figures are in

parentheses).

li i i i i [ NIi NT IIII

In . II III l l II

'?iii?i::i?:iiiilil_'::::'!'!:i?: 120.8(20.0) 464.2(5.9)....., .....

i}!i ::i_ c20.7) .9.0 c6. )

i!iiiiiii::::!!:i:i:iiiiii2i_:. : : :i

107.5 (23.0) 421.3 (6.5)

89.3 (27.7) 415.O (6.6)

z This value is reportedby the EPA. See, FrankBlack, 3rd U.S. - Dutch InternationalSymposium, "AtmosphericOzone
Researah and Its Policy Implications"(May 9-13, 1988, Nijrnegen, the Netherlands),or the DeLuchi/Argonnegreenhouse gas
study.

Appendix F, Volume, Weight, and MonetaryConversions, p. 149.
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Emission Fac_rs: AJLerna_veFuel Vehicles

The calculationof emission factors for alternativefuel vehicles (AFVs) is subjectivein nature,

and dependson emissionsdatafrom test vehicles and the likely capabilityof AFVs to meetnew

CAAA clean-fuel vehicle emission standards. Emission factors for NMHC, CO, NOx, and CO2

were providedto ArgonneNational Laboratoryin a greenhousegas emission study conducted

jointly by the Instituteof TransportationStudies at the University of California-Davis, and the
Centerfor Energy and EnvironmentalStudies at PrincetonUniversity?5 Table F-38 lists these

AFV emission factors for light-duty vehicles (LDV's) and heavy-duty vehicles, such as freight

trucksandbuses (I-IDV's),poweredby the following fuels: methanol (100%), compressednatural

gas, hydrogen,ethanol (100%),and liquidpetroleumgas (LPG). Electricvehicles are considered
to emit no pollutantsother than a small quantity of chlorofluorocarbons(CFCs).

Table F-38. Lifetime Average Emission Factors for Alternative Fuel Vehicles
(Grams per Mile)

i , i IHi Hmli f f i

• N,tund._ : Hydrogen Ethanor L_.

• V LDV HDV LDV I_V
i L is II I1 .,i i I I

!INMIIC 0.56 4.86 0.22 0.60 0.04 0.04 0.38 4.42 0.22 1.80
II| ; s

7.21 13.00 3.60 7.00 0.70 0.10 7.21 13.00 5.50 9.00
i L ii i i

i_: NOs _ 0.45 8.05 0.45 8.05 0.45 8.05 0.45 8.05 0.45 8.05
i j J lira i i i i i .

:::;i_C_ :i 214.64 1495.41 195.51 1463.94 0.00 0.00 0.00 0.00 226.72 1695.56

"Emissionfactors are for Ml_ ;1_ mct_u_l) and 100_ ethanol fuels.

ts Mark A. DeL.uchi, University of California Institute of Transportation Studies, Emtssion.v of Greenhouse Gases From the
Use of 7nmspommton Fueb and E/ec_¢#y (for the Argonne National Laboratory Center for Transportation Research, June 26,
1991).
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OFF-HIGHWAY SOURCES EMISSIONS FACTORS

Off-Highway Mobile Source Emission Factor Informaffon Sources

The following documents were used to compile off-highway emission factors or supply

background information on emission factor calculation methods:

• Compilation ofA ir Pollutcmt Emission Facton - Volume II: Mobile Sources (AP-

42, Fourth Edition, September 1985)

• Nonmad Engine and Vehicle Emission Study--Report, EPA 460/3-91-02

(November 1991)

• Interim Guidance for the Preparation of Mobile Source Emission Inventories,

Attachments A through J (This EPA memorandum supersedes the mobile source

emission inventory preparation instructions contained in Procedures for Emission

Inventory Preparation- Volume IV, Mobile Sources, which is currently being

revised)

• Procedures for Emission Inventory Preparation-- Volume IV, Mobile Sources,

EPA-450/4-81-026d (revised), (July 1992)

The document, Compilation of Air Pollutant Emission Facton - Volume If, reports all data and

emission factor calculation algorithm: for both highway and off-highway emission sources

Section II outlines the emission calculation methodologies for off-highway mobile sources,

including aircraft, railroad locomotives, inboard-powered vessels, outboard-powered vessels, small

general utility engines, agricultural equipment, heavy duty construction equipment, and

snowmobiles. The EPA is planning to issue an updated version of the AP-42 document, although

no estimate has been given as to the release date The EPA's Nonroad Engine and Vehicle

Emission Study, which was mandated as part of CAAA Section 213(a), provides new or updated

emission inventory dat,, and emission factors for ten nonroad equipment categories including

commercial marine vessels, which is one of the transport modes to be modeled in TERF.ss The

The other nine equipment uttegofies are hwn ud gJuden equipment, 8irport Nrvi_ equipment, recreational vehi©ios.
nmmstionslmmine equipment, light commercial equipment' iadus_al equipment, e,onstmction equipment, agri©ultural equipment,
tad logging equipment
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Nonroad Emission study targeted 24 nonattainment areas as well as national totals. The

document, Procedures for Emission Inventory Preparation -- Volume IV, Mobile Sources,

provides state and local agencies with detailed guidance on the preparation of highway and off-

highway mobile source emission inventories. The off-highway emission factors contained in this

section were derived either directly from the inventory preparation procedure report, or were

calculated using data tables contained therein.

Ra//road Locomo_ve Em_r_ Facets

Table F-39 lists the railroad locomotive emission factors to be incorporated into the TERF model.

Emission factors for CO, NOx. SOs and HC are included._7 Note that the EPA does not measure

separately the volatile component of total hydrocarbons. Also, no distinction is made between

freight and passenger locomotives because both travel modes use the same locomotive technology

types. These emission factors are reported in the July 1992 edition of Procedures for Emission

Inventory Preparation -- Volume IV, Mobile Sources. They are considered default values for

fleet-average line haul locomotives." Line haul locomotives represent the largest segment of the

locomotive population, and include all locomotives used for freight and passenger service. As
of mid-1991, 9,708 line haul locomotives were in service,e9 Yard locomotives are used for

moving railcars within a rail switchyard, and are considered a negligible source of emissions.

As of mid-1991, 4,589 yard locomotives were in service. 7°

The emission factors represent an average of emission factors for five diesel engine configuration

types: 2-stroke supercharged switch locomotive, 4-stroke switch locomotive, 2-stoke super-

charged road service locomotive, 2-stroke turbocharged road service locomotive, and 4-stroke

road service locomotive. The emission factors are based on duty cycle testing and average fuel

consumption rates. A duty cycle consists of the operating time in eight throttle notch settings

plus idle and dynamic braking. The fuel consumption rate of a locomotive is determined by the

throttle notch position -- the higher the notch, the higher the fuel consumption, and vice versa.

67 Source: EPA Office of Mobile Sources, Locomoav# EroSion FactorJforlnventory Guidance Document (June 1991).

_s The EPA also outlines a methodology for calculating morn detailed locomotive emissions for nr_'_sthat am expected to
deviatesignificantlyfromthenationalaverage.The methodologyiscalledtherostertallorin$method,and usesemissionsdata
from individuallocomotivemakes and models.

e Inte_ GuidanceforthePrvparatlonofMobileSourceEmL_ion Inventories,AttachmentJ,Emissionsfrom Railroads

(EPA OfficeofMobUo Sources,February15,1992),Apl_ndix 6-5,p.6-23.

70112_P.6-23.
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Therefore, fuel consumption is proportional to the amount of time the locomotive spends in each

throttle notch position. 71 The locomotive emission factors apply to all three Interstate Commerce

Commission (ICC) railroad classes: Class I -- annual revenues greater than $93.5 million; Class

H-- annual revenues greater than $18.7 million but less than $93.5 million; Class III -- annual

revenues less than $18.7 million.

Table F-39. TRAN Locomotive Emission Factors
ii nlmn [ i inlllll . _ nual:_:_ ...........

_l ii_i: i i_::;::_ion Factor
,:On_,_,e0Op]orfueO ;

I IIIIIr llll I ....... I I nnl I"

HC 21.10
i ii s i i na

CO 6.26
ii ii .|llll

NO, 493.10
i _ L iii i iii

SO2" 36.00
IIIll I |11 III I IIII

PM 11.60
i H i i , HIn| I

"Basedon fuel sulfur content of 0.2S percent by weight.

Look.Ahead Issues Concerning Locomotive Emission Factors

In terms of specifying future-year Locomotive emission factors given CAAA requirements, the

emission factors in Table F-39 are to be used for all forecast years. Section 213 of the Amended

Act requires the EPA to promulgate emission standards for new locomotives by November 1995.

These new standards are to be designed to obtain the greatest degree of emission reduction

achievable, with due consideration given to compliance cost, energy consumption, safety and

noise, n New emission factors would be based on testing of the applicable locomotive emission

reduction technologies that would be manufactured to comply with new standards. Given the

large uncertainty over the prospective emission standards and technologies, as well as the low

stock turnover of locomotive engines, there is no justification for assigning alternative emission
factors to the forecast interval.

H_., p. 6-13.

CAAA, sec.213 (aX$), 104 STAT 2501.
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Aircraft Emission Factors

Overview of the EPA Aircraft Emissions Inventory Melhodology

The EPA bases its aircraft emission factors on five operating modes that together consist of the

landing and takeoff (LTO) cycle. The first operating mode is the approach, in which the aircraft

makes its airport approach after the descent from cruising _ititude. The second operating mode

is taxi/idle-in, where the aircraft lands and taxis to the gate. The third mode is taxi/idle-out, in

which the aircraft taxis back out to the runway for subsequent takeoff.73 The fourth mode is

takeoff, in which the aircraft attains liftoff speed and becomes airborne. The fifth mode is termed

the climbout, and represents the aircraft's accent to cruising altitude. Most aircraft go through

a similar sequence during an LTO cycle.

During each operation mode the aircraft engines operate at a fairly standard power setting for a

given aircraft category. The power setting results in a certain rate of fuel flow (expressed in

pounds per minute) for the operating mode. Total emissions from the aircraft engine are thus

determined by the amount of time that an aircraft engine spends in each operation mode (termed

the "Time-in Mode"), the fuel consumption rate, and the engine-specific emission factors for each

operating mode, expressed in pounds of emissions per 1,000 pounds of fuel consumed.

The EPA aircraft emission factors and inventory preparation procedures are site-specific; they are

highly dependent on local airport and aircraft population data. Generally, the emissions inventory

is prepared using the following steps: (1) identify airports to be included in the inventory area,

(2) determine the mixing heightTM to be applied to the LTO cycle (a standard default value of

3,000 feet is assumed), (3) define the aircraft fleet population for each aircraft category across

all airports, (4) determine the number of LTOs for each aircraft category, (5) select emission

factors for each aircraft category, (6) estimate a time-in-mode for each aircraft category at each

airport, and (7) calculate an inventory based on the airport activity, time-in-mode, and emission
factors.

,, i,,

Both Taxi/idle operating modes am highly variable, and depend on such factors as airport size and layout, the amount of
ground congestion, airport-specific operational procedures, time of day, and seasonal travel activity.

_4 The height of the.mixing zone -- that portion of the atmosphere where aircraft emissions affect ground level pollutant
con¢.entrstions _ influences the time-in-mode for approach and climbout operation modes, and is particulady significant when
calculating NOx emissions.
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EPA Aircraft Categor_a_on

The EPA categorizes aircraft by the type of use: commercial, general aviation, and military.

Commercial aircraft include those used for scheduled service transporting passengers, freight, or

both. Air taxis also fly scheduled service carrying passengers and/or freight, but usually are

smaller aircraft and operate on a more limited basis than the commercial carriers. Business

aircraft support business travel, usually on an unscheduled basis, and general aviation includes

most other non-military aircraft used for recreational flying, personal transportation, and various
other activities.

The EPA combines business aircraft with general aviation aircraft because of their similar size,

use frequency, and operating profiles. Similarly, air taxis are treated much like the general

aviation category because they ate typically the same types of aircraft. Military aircraft cover

a wide range of sizes, uses, and operating missions. While they often ate similar to civil aircraft,

they are handled separately because they typically operate exclusively out of military air bases

and frequently have distinctive flight profiles. Helicopters, or rotary wing aircraft, can be found

in each of the categories. Their operation is distinct because they do not always operate from

an airport but may land and takeoff from a heliport at a hospital, police station, or similarly

dispersed location. Military rotorcraft are included in the military category and non-military

rotorcraft ate included in the general aviation category since information on size and number ate

usually found in common sources. However, they are combined into a single group for

calculating emissions since their flight profiles are similar.

Commercial aircraft typically are the largest source of aircraft emissions. Although they make

up less than half of all aircraft in operation around a metropolitan area, their emissions usually

represent a large fraction of the total because of their size and operating frequency. This would

not hold true for a city with a disproportionate amount of military activity, or a city with no

major civil airports.

Aircraft Emissions Characte_

The EPA views HC, CO, NOx, SO2, and PM_0as the significant aircrai_tpollutants. However,

only HC emissions and smoke production are currently regulated._5 For a single LTO cycle,

_s EPA established standards for aircraft HC emissions in 1984, which included the establishment of standard procedures
for engine certification and emissions testing. The standard applies to jet engines with an en8ine thrust of over 6,000 pounds.

The EPA reports that many older in-service engines exceed the standards. New engine designs produced since the standards went
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aircraft emissionsvary considerablydependingon the categoryof aircraftandthe aircraft's flight
profile. Emissionratesfor HC and COarehighduringthe taxi/idle phaseswhen aircraftengines

are at low power and operateat suboptimumefficiency. The emission rates fall as the _:.ccraft

moves into the higherpower operatingmodesof the LTO cycle. Conversely,NOxemissions are
low when engine power and combustiontemperatureare low, but increaseas the power level is
increasedand combustiontemperaturerises. Thereforethe takeoff and climboutmodes have the
highest NOxemission rates.

Sulfur dioxide emission ratesare highestduringthe takeoff and climboutoperationmodes when

fuel consumptionrates are high. Sulfur emissions typically are not measured when aircraft

engines are tested. Therefore, the EPA uses a default emission factorof 0.54 pounds SO2per
1,000 pounds of fuel for all engine types. (EPA assumes thatall sulfurin the fuel combines with

oxygen during.,combustionto form SO2. Nationally, the sulfur content of fuel remains fairly

constantfrom yeu to year at about 0.05%by weight for commercialjet fuel, 0.025% by weight
for military fuel, and 0.006% by weight for aviation gasoline. These national sulfur content
figures are used by the EPA for estimatingthe SO2 default emission factors.

Particulateemission characteristics are similar to that of HC and CO in thatemission rates are

higher at low power rates than at high power rates because of greatercombustionefficiency at

a higher engine power. However,particulateemissions are highest during takeoff and climbout
due to the _eatex fuel flow rate. The EPA does not reportemission factors for particulates

except for a small number of engine models, citing the difficulty in estimating PM emissions.7_

Direct measurementof partic_ate emissionsfromaircraftenginestypically are not availablefrom

manufacturers,althoughemission of visible smoke is repo:'tedas partof the engine certification "

procedure." The inventorypreparationproceduredocumentreportsemissionfactorsfor only one
civil aircraftengine model. This engine model is used in a numberof European-builtaircraft,
and is not representativeof the total aircraftfleet.

into effect have HC emissions lower than the standards, but the design changes made to reduce the HC emissions resulted in small
increases in NO, emissions.

I, ProcedumsforEmls,_onInventoryPreparation,Vol IV,page 149.

77 Ibid.,p.149.
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DAC Methodology for Calculating Aircraft Emission Factors

As mentioned above, the EPA aircraft emission factors are reported for individual engine models

(currently 88 civil aircraft engines and 54 military engines) by LTO operation mode.

Consequently, the emission factors apply to activity levels measured in full LTO cycles, not fuel

consumption as specified in the TSCDR. DAC developed a methodology for converting the EPA

operating-mode emission factors into a fleet average emission factor based on total gallons of fuel

consumed. The data used to construct the fuel-based emission factors are presented in Appendix

E.EM.C.

The first step of the conversion methodology involves the derivation of fleet-average time-in-

mode figures. The EPA reports default TIM values in minutes for each civil and military aircraft

category. Since commercial aircraft accounted for 93.6 percent of civil aircraft energy

consumption in 1989, the TIM values for jumbo, long, and medium range jet commercial carriers

were used as proxies for the entire civil aircraft population. TM These TIM figures are as follows:

Takeoff---0.7 minutes, Climbout-- 2.2 minutes, Approach m 4.0 minutes, Taxi/Idle m 26.0

minutes. Military aircraft TIM's are highly variable. Therefore, the arithmetic averages of TIMs

for combat, trainer, and transport aircraft were used as proxies for the fleet TIlVls. Helicopter

TIMs were excluded from the calculations due to LTO incompatibility with the other aircraft

categories.

The second step of the conversion methodology is to determine the fuel use for each operating

mode using the EPA's fuel flow data, and to construct fuel consumption shares. The LTO time-

in-mode amounts (in minutes) were multiplied by the fuel flow amounts (in pounds per minute)

to obtain fuel consumption in pounds for each operating mode. The modal fuel consumption

figures were then divided by total LTO fuel consumption to derive the fuel consumption shares

(see Appendix E.EM.C, pages E.EM.C-3 and E.EM.C-6).

The third step is to calculate average emission factors by pollutant type for the population of

engine models reported by the EPA. Separate samples of 46 civil and 15 military aircraft engine

models were created from the EPA's list/9 The selection was based on reported engine market

shares for each aircraft model, with aircraft models chosen based on a proportional representation

n Aimrat_ Btu energy consumption fisure$ come from Oak P,.idse National Laboratory, Tnmsponation Energy Data Book,
Ed_on 12, ORNL-6710 (Oak Ridse, Tennessee, March 1992).

PmceduresforEmtss_n Inventory Prepam_n, Table 5-4, "Commercial Aircraft types and Ensine Models," and Table
5-6, "Militmy Aircraft types sad Engine Models."
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of the commercial, general and military aircraft categories. The sample engine-model emission

factors were aggregated by calculating the arithmetic average of reported pollutant emission

factors3° (see Appendix E.EM.C, pages E.EM.C-1, E.EM.C-2, E.EM.C-4, and E.EM.C-5). Since

the SOs emission factor is the same for each operation mode, this methodology is not applicable

for SO, emission rate estimation.

The fourth step is to calculate the weighted fleet-average emission factors for HC, CO, and NOx

by multiplying the aggregated engine sample emission factors by the fuel consumption shares

calculated in step 2. Two further calculations are necessary to produce emission factors that

correspond to TSCDR specifications. First, the emission factors must be converted into gallons-

of-fuel equivalents. A conversion factor of 6.2 pounds per gallon was used. Second, the total

HC emission factors must be adjusted to produce volatile organic compound (VOC) emission

factors. The following EPA adjustment factors, applicable to turbine engines, were used:

VOCcoM_ct _ = THCcoMM_ct_ x 1.0947

VOC_m.rr_Y = THCMu.xT_yx 1.1046

Table F-40 presentstheTERF aircraft emissionsfactorsfor HC, VOC, CO, NOx, andSO2fl

Table F-40. TERF Aircraft Emission Factors
,, |,=, , ,,,,,,, , , ,, , ,

;=:ii:_i:i:_ilii_i::i_i'/::!i_ i . .........

37.82 75.54

41.40 83.44

iiii!iii,:ii:i:!i:i:i!!iiii_O!iiil!!_ii::!i_ili'::_:.i 101.97 330.17
:::'ii!.,.:.:..:.:. ::..i.:.:i:i i/: !.i:i::i ::' : i:' i.i!. ::i., " '

::.:::::i:i:::i:!.iI:';NO=/:i: ii?::i_i!ii. 79.04 58.15
• "':' " " _"i ....... ' ' '

,!!_.i i::::?i _ :::::._.i! !i: 3.35 3.35

= Ibid., Table $.4, "Modal Emission Rates."

= Source: Appendix E.EM.C, page E.EM.C-3;

Notes: Commercial and military VOC emission factors calculated by multiplying Appendix E.EM.C HC values by
1.0947 and 1.1046, respectively.

St')=emission factors calculated by dividing the EPA standard value of 0.54 pounds per 1,000 gallons by 6.2.
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Table F-41. Aircraft Emissions Data

!!ii!!i!ii!i}!!iFili!!iii!ii    !i !!ii iiiiiiii!i!iii!iiiii!i!i !i',!i i!!i!iii!i iiiii!iiii!i!iii ili!i!ii iiiiii!i !iliiii!i!i
_iiiii;:!::i::iiii_i___iiiiiiiiii_i!iiii_iiiiiii_:_i_iiiii_!,!!iiiii!__!iiiiiiiiii!ii{iii::!_iiiiii_iiii!!iii_i!ii!!ii+_!ii_!i!_i_i_ii_!iiiiiiiii_ii_i_i_!_iiii<_h)_i_iiiii_iiii_ii_ii_ii_ii_iii_ii_:iii!_i_i_iii_!iii_iiii_iii_i_ii_ii_iiiiii_i_1iiii_iii_iiii_{i_ii_i_i_:_i!i!i!_ii_i!iiiiii<(l_m_l_)_i_i_ii_!_ii_i_ii!_i_ii_ii_iiiiii_ii_i_i!!i_!_
:-.::::..:-:-::::::::::".............. =================================::i-i:..:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::OH . i " 7_._ _"'_ _ . .. _ 7..--:_ _ _ :: .i_ .. " L. " " " ._, 7. ........ , m , _...... ,..... -;:. ; i'r . .... "" " - " " "S'_ a........... • " " " _i L

!!iiiii_!ii!i_i_ii_!!!_:_i!_i_!}_iii!i_i!]!_iii_iii_:_i_ii_i_i!!i_ii_ii_ii_i_!!i_iiiii_i_i• iii:<]!i::!iliiii',iiiiiiii!',iiiii!iiiiiii!ii',i',iiiiii!_i_!ili!',i_i_]!iiiT_]i_!i:'i!i!ila_;ii!i]ii_iii!:__b:ili!,'-:!ii!i::'r__iii:]i,ii!',!i__iii<_i]!!_i_]_iii!i!i!ii!!__k_'!i_,;<T_il,i'i!i
|-_ ................................. ] " n " " ,, ?, " " , " ,...... , " , " ,

!!]i__i]!!_i!i_{i!]ii_!!i_!!!_{ii!iiiii_!]i!_{i!_i{ilili!:]!i:_Z{ii_!]!i_!i_iiii]i]!ii!::iiil]_]!ii]_i_!!!iiii!i]i!i{229.63 189.29 64.01 22.86 0.30 0.30 0.70 21.00

iii___ii: :ii_'_iiiiiiii_!ii!iiiii!i_iii!iiii!iiii!iiii_ilili321.17 2,4.6, 87.86 22.24 0.60 0.70 1.00 49.30

2,9.,4 ,49 ,,4 0,0 o. o4, .,
iii!__ ! _i:::_ii:iiiiii!_!i!i!!:;i!i!!!i!i!!iii!iiii_i!iii!i!i!_il!!:i:iii!ii!i!:ii:i!i!_ii!!iiiii!iiii:i:!_341.40 275.40 90.87 27.38 0.07 0.08 0.20 8.99

i!i:__!!i!!iiiiiiiiiiii!!iiiiiii!iiiiiii!ili!i!i!: !_i:!ili!iii! ili!i!i!:!}i:iiiiiiii:!ilili:: 341.14 275.27 90.74 27.38 0.07 0.08 0.20 8.99

!:_Dli_!!i!iiiiii iiiiiii!ii!ili!i!i!!i::: G_ ::ii!iii:_iil!i!:!:ii!iii::!iiiiilif 337.S3 268.39 85.36 26.01 0.08 0.10 0.21 9.96. ...................., .........=... .... ....... ......... ,.....................

r i_ili!ii!:ii!:!ii!!i !iiiili:iii::i :i!iii_iiiiiiiiiii!_!:i:: :G_i_S__):ii!: !:! 134.92 11.$1 44.71 16.01 0.04 0.03 0.10 1.83
I:_i-:'_:i: ..i:i::_ ::::?i!::i:!ii.lkl/_-kli:!::.iliY!-;i_,-.. < " :, i::" ! / : :!:..-'-:

::_:ALl[........................._D2R_S i::i : :_::<:< !:::ii Avco/Lycemlngl. 47.37 39.09 13.68 5.40 0.06 O.OS 0.22 5.39

:___!i ! !:: iiiii!!:ii!iji!!i! i_! IPlnt#*Widlne_:.:_:: 130.85 107.32 37.84 17.08 0.40 0.50 1.60 10.60

ii__!{i;iii_;i::ii?;:/ <iiii::!:i::ii!i:_iii:_il.l_i# &._tney/i:ii 137.57 II 1.91 39.42 17.46 0.47 0.47 1.73 10.00
::: ..-:: ::::.*:...:..:: .::..::.::::-:.:.:-..::f:.:.. -...: .:.....:-:: .:..: :-. :.....:.:: :-:..-1.... . . -:.....:

i i_D_|Sii:]i/i!_!ii:-_IIIi !i!:ii:ii!i!!!]!:iI :_tt & Whlbaeyi!:!i_i 155.82 123.00 45.01 19.54 0.25 0.25 1.57 10.33

i!i_i_!!!ii::_!ii'.i/: iiilli!ii:i!ili!:ii:iii!.... _# &WMlae.y!:iil 164.68 131.88 46.83 19.44 0.66 0.75 1.86 9.57

!i_b_iT_iiii_:::i!: _i_ii :_i!j ,:! Pla#& Wlal!oeY 155.16 123.60 43.70 18.53 0.25 0.30 0.64 2.02
.._i$.::::.: ]:: ::: !<-' i:!: L • :-! <-.i!:::.i_ : :..: : -. i .- : ..

I_D_7_HA:::::_:]I< :::!i_::!ili_i:i IPmtt& Whl_y . 286.67 233.33 82.50 28.97 0.30 0.30 0.50 26.00

.......................................... Ibm#& .WId!ney 280.16 228.04 86.36 29.23 0.16 0.13 0.13 I.! !

J_D_4_li_ii::i:]_i::;!:!!!i:: if, Ihnatt& Wldlney 293.39 241.93 84.66 29.17 0.13 0.13 0.22 3.35
• :!i:: i< ::_:il i:.:.!i:i!::-i]iii::!::.-.:':-::i:! • : !.. ...... :: "

ii'i_D_5_Qii_ii!':i!_':::i/<_!:i/ _. _ _y i _2_.00 264._0 90.00 _._ 0.20 0.20 0.30 _2.00
:....:.:.::.-:::-:..:.. =====================:..:: :: • . .-: . • : .

ii:_0.37.:!_]:iii::ii :i_i! ::::i: iiI _# _:_iaey : 203.44 167.46 52.78 F8.65 0.05 0.06 0.21 2.26
- -:.. :-:2 -":: :::;:. :::::-.::.:;: : _ •" . " . , - • " -:. :--.: -- " •

I,W40_/4IS6_ : i:_i:::i IPm!!.& Whltne.y 309.79 255.29 87.04 27.51 0.06 0.01 0.13 1.92
: :ii_: ::: :!-::-:::i_i:--:-ii-..-!<::::: •........

IPW4152 : ....:: Pratt & Wllllaey 287.96 236.11 78.44 23.41 0.13 0.16 0.15 0.74
• .::-...:.-... -.-. . • : : .. ..

_227:?ii:: I.:. : P & W C#u(h 7.08 6.67 3.58 !.92 0.00 0.00 2.19 50.17
• :::::::::::::::::::::::::::::::::::::::::::::::::::::-: .. _ :: : _::::.
1_i!..2!1-$.,].$.g4.: .... Re!!_ R.oTc.e 256.03 199.74 75.40 25.13 0.69 0.94 1.33 2.85
:.-[-.:::::::..-:. >-::::::_:!.::!:!-:--.[:. : . . - :...-::..:.::.

Srl_ _._.+..+...,.+...............i+i..:i-ii:i.:. Roll+ noy¢:e:. 74 60 23 12 ! 1 5 72

Source: EPA. Proceduresfor EmissionInventoryPreparation,Volume IV: Mobile Somces
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Table F-41 (Cont.).
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_o:lTX:.-::: ::ii :}:::::::::::::::::::::::::!i:::::_# g Whj_y:.i :::.:i: 1.07 1.16 2.88 12.46 19.10 14.30 6.70 3.20

._O'7F/TA::i+::i-:i::::::::?!::i!..::::!i:iil: _ & _l_y: : 0.40 0.40 2.90 54.00 46.00 34.40 7.80 3.10

J1_O:TR4_i_:::+:_:.i!i:.:.:/:iii_::}: Pm_;tWh'l_®_:' 0.57 O.53 1.23 8.27 41.60 34.20 10.40 4.10

:_D-'/R:4EI_.:.I-::+!}:::::.:?:.-:!i!I:::{::!:!::"•_&:_!_.¢Y.: 0.67 0.67 i.46 14.00 36.90 29.70 8.50 3.50

Jl_O'Te/Sg./7.Q_:..}}i_i"_:::_;":::::./i/:..Pro#.& _laey...-: . 0.20 0.20 1.70 53.00 31.60 25.60 7.80 3.00
I !_2_37 :+v-::i:::.::::}.::::/.:iiii:.:.+_# _ Wh'_.:: : 0.40 0.41 2._0 23.10 31.10 24.80 i0.30 4.40

_4056i_i_:"i::i. i :i::ii-:::i/-:.ii}:: . _& _iey:- :! 0.44 0.57 2.00 21.86 28.10 22.90 11.60 4.80

_4 l SZ ...... :" J " " : : ' :::/i:/:?ii"i::i::" '_:_ WliI_y: 0.12 0.17 1.09 12.76 .26.90 22.70 II.I0 4.90
+ -:: i ++::.:. .... :::-::S.•:+-::-.i;.:: !::.'i: .':" ":: : +..:+::._:i:..-i::-
PT6A-27 .. : .......-"":+i:::_ :.:_:".P & W Cuachi::!:.. 1.01 1.20 23.02 64.00 7.8l 7.00 8.37 2.43

: ...+.. • . .:. :: •..: - - . - ..::.:. -.:: : -:. : : : /

RB,211,535_: :::::.""; :{ ::::_:i!-RollsRoyce +. i.01 !.23 !.71 15.44 52.70 36.20 7.50 4.30

SP£Y __::: !::::.:++:_.{::::.":i:I +Rofl_Royc_.. 0 0 18 75 20 15 6 2
• , i,,

Source: EPA, Proceduresfor EmissionInventoryPreparation,Volume IV: Mobile Sources

#
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Table F-41 (Cont.).

 i 21 iiBi i!B@ii@ii iiiiiiiiiiiiiiiili il@i@ii!!! iiii!!@iiiii!! ! ii i!i iil;iiiiiiiii! i!!!!!iiiii!i!!!!i!ii!i!!!i!S@!@i!iiiiii!!iii!@i:. !!i'iliUi:? , i
i!ii!iiiiiiiiii!iiiiiiiiiiiiiiiiiiii!iiiiiiii!iii!iiiiiiiiii_!iii|iiiiiii!iii!iii)iii!!iiiiiiiii!'.!ii!i!iiiiiiiiiiiiiiii_i]{ii!_i_i!iii;!iliiiiiiiliiiiiiiiiiiiiiiii!ii_i|:iiiiii!iiiii:iiiiiiiiii!iii;i!iiii!ii!;;i_i|;ili{ii!_i!iii!!iiiii:!_ii!iiiii_(IbS:per I,N0, I_i NI)iliiiiiiiiiiiiiiiiiiiiii!iiiiiiii!iiiii:_ _iiiiiii!iiiiiiiiiiiiiiiiiiiiiii_iiiiiiiiiii_:!_l;!,_ Ibs fae!)_ii_i!i!iliiiiiiiiii_iiiiiiil:i:_:

_)___ ___ _ _::_ _ _ :_'_jm_ _ _ _ _ _ _ _' _e_ _ _ ' _ _ _m _UN_ _ _ _ _ _:_::_ _ _ ._ _ _ _""' _ _ :: _, _ _ _ 7" _" _ : _ _ _ _ _ _ _ _' I _ _ _ _ _ _ _ _ _ _:_ _ _I_ _ _ _ _ _ _ _ : _:_ _ ''{ _ _ _ "+._ _" _ .,._ _:_ _ _,_ : _"' } _m _--_ _ _ _} _ _ _ _

iiiXi_!i!i!+-:._£:!!i!i_ii!!_+:::ii_!_:i!i!i{i!!ii!i._::iiii_ii!:;ii:_!i!-!_i!ii+!::!i!!ii_.!_!!.+::!iu_::::_si!;::!;ii:_ii5:!G!:ii!i!:!!!_i:,:;!_!!_!::F:!!:_Sii!!!i::i_;!::!!+!:!!i!:!:;_i#i!{+i_#_:::-ii+_iz!iii_!_!!ip!:!i!_..&:ii:.!ii!!!i]iii]_!iiiii]ii!_:iliii 3i!ilLi_!!!!ii!i;iii:iiii_iii!;!_]: i!_:!!]ii:iii::!.:_:}}_i!!!]i;_i:iii]!ii_::!]ii:_]i_:
................. "" " " I .................................................................................. +................................................................................. " " " ..............

...........',i'"}}"":.........._:_!i_:ii_i_!i_ii!!!_i:_i_i_i!!i_Jii::i_i_::_iii_i_i_:i!iii_!iiii_iii!i_!_i_!i_ii_ii!ii!_i!:_!i!_ii_ii_i_:_i_!i!ii_i_iii_:_:{!>liiiii:'i'::i:'::ii_:'i:"ii{i_!'::i::ii::i:i:i'i:ii'ii::!i':"iili'ili::iiiiii:ii!{i'ii{{:"+!!i':i{:;ii:ii:i:ii:;!:_iiiii}'ii:'}iiiiiiiiiii!:;:i:i!iili_iii'i'iiiiii:!:_iiiili:i1 i::_iil;iiii:ii'iiiiiiii'ii:'::::;iiiiiiiiiii:-iii:iii!iii]# iii!ii_:ili:::i:iiii'!ii'iii!;i!iiiiiiiii:iii!!iii::il:!iiii'iiiiii'i_i'iiiiiiiiiii::i::'iiii!'iiii!!ii'iiiiiii:;:'' i!!!::ii:iiii:i'i:!iiiiiiii!::iiii'!'i::iiii}!ill

!+i:iT_+_++++++:+:+:!++++++:!+++i::+ 0.7 222.47 155.7+ 0.12 0.26 0.66 28.29 0.03 0.08 3.28
++++++£++;+@++++++++!++++++++++++++@+++:
+++_+_:+++++++++++_++ 2.2 176.34 387.95 0.29 0.31 0.75 22.1+ 0.09 0.22 6.40
i_:+iii_:i!i_ii:::._ii@ii!::!_i_:::@iii!i::iii::;i:

+iii_+_b i!ii!+i+i+!i: 4.0 62.53 250.13 0.19 0.92 5.52 8.73 0.17 1.03 1.63
;:_i3;;d_:i!@:::iF:;¢!:_:!i_iii_+i:i::"
_Tax_!!}+i!iiii!iiii 26.0 21.14 549.67 0.41 14.20 36.97 3.53 5.81 15.13 !.45
".q..
+...>. }: .i::.++""'.--+•• ::.:.:.;:.+:.

!i:_i!i;:__AL!i_:{ 32.90 482.48 1343.48 i.00 15.69 43.90 62.71 6. I0 16.45 !2.75
_i:i,:;:/:.Fi;;ikq:{iiiii!!!i
.i/i!&. ::<.!i!+: +/Y!!:+/ii! :_.

+++i_;++;++-+;q!++:+:+:¢+i/+++ii+::?+;:s

(gal.lmin) (gal.) (Ibs. per 1,000 gal. fuel) (Ibs. per 1,000 gal. fuel)

TOTAL (8als.***) 77.82 216.69 97.26 272.18 388.82 37.82 101.97 79.04
.......

*** pounds-to-gallons conversion factor is 6.2 Ib/gal.

Source: EPA, Procedures for Emission Inventory Preparation, Volume IV: Mobile Sources
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Table F-41 (Cont.).

_i;-:_:i_i!::i',_i',ii::ii_i_i!_ii'_::i!,!i:,i!!i!_!!i!!',',!ill_.i!i,Ii!iili!iii!i!iiiii!!ili!!',!i!i_ii!ii!ii',ilii!ii!!_iliiii!!iiiiii!!ii!ii_!iii!iiii',iii!._!i!i!ii!!i';iiiiili_!!i!i_','_iii_t. m_ :.._:ii_e_:_!iii',!!i!!i'_',!',',!i',!!!!i!!i_,i!ii!ii!_,',i!'__-'i',i!il!!!!!ili!!_!:iiii!!!!!!!i!,_!!_ ',__! _:,__:_',!iii !',iili',i',',i!!',!_:i!:!'!ii
!]]:]![:!_':i!i]ii_]]_:]]"| Jll;II_lIQ_,._iii]]:.]]]]_:i_]!i:__i]]:.!i]]!]]iii:_i:-:::]i !i ]_:__:?]!!]i i!iii_i []]]]i_::: i i]]F ]_i]]]]!_!i]]_i_i ]i: !:i]!::]ii:_ii!_:]:i_#]]ii!i#i-ii!:::::--:]:_:-::.-:'::!:i:::!_!_!]iii]:]:]::_::__:_:ii]:]]::]-:!i:]:i:]::]]]i]:#]:i::iiii!:[i]:ii!:]]]!_]]iill!i!: []]i]i!]ii:-.:]]]_i!]:.!]iii]]ii!!]]i_!]_]]]]_ !ii! .-_'_+::::]+-:i]"" " " _:_'-:i:-:]]!!i!::!:i!]]]]:]]]i[i!]:]ii!]?]]]]:i:!]!]]:]i]ii]L]# ]]:]:]_]iiL_

::::!i_B:i':_!i_iiii!i!!i_iiiil;;iiiiiii!iiii_i!i_i_iii;iiiiiiiiiiiiiiiliiiii_di_!ili!!i!ii:ii!i!!i;i!iiiiiiii!iiii!!i!iiiiiii!ii!ii!iii:: 4.42 4.08 1.42 !.05 0.26 0.37 5.18 20.16

_i_i'!i!! 'i _:i! '!ii :ii!!iii!ii!i',!!ili!_i: i 'i!;iii if:!:!il:i ;i: 39.87 36.45 ,9.10 8.23 0.,8 0.,8 0.28 14.96

;iTig4l_X-2ii::!i;!;iiiii;;;i:iiii_;:i::_;i;i;i;;;!i!!i_ii!;:l;J:Xli_a;i;i;i;!;:i:;:/i:;;;i:_;i/ ::;;]::;!i; 149.00 149.00 100.00 18.17 0.64 0.64 0.73 51.26

': ::::..:.!.:_ i::: :_:]::::::_:i:_:i'::i:i"i:-_:_:_.1-i :::::!:::i-!-_S_._::-:::.,: . " " IJr/.gyGE,1O._:i;ii!:i!i:ii;i::iiii:ii::i;_iii:)i:ii:G'lg:i::.iii:ii:ii_:::i.::;;!;::;: _; ; : ! 589.8:3 163.83 103.17 18.33 0.49 !.63 0.66 8.91

]i__._: :;;:];;;ii;i ;_iliiiiiii_iii;ll_, 17_.so 53.33 20.00 6.67 0.10 0.25 2.56 24.25

! i i _;: 27.12 22.88 8.86 3.17 0.11 0.13 4.26 20.04

i 736.67 !73.33 50.00 I7.67 o. I0 0.05 0.60 2.26

! : i 157.98 95.87 42.45 12.98 0.57 0.67 i.40 28.33

JrSD-gP)A;: i_:i:iii:ii:i;i!ii]ii:i;ii:ii!i.;;_ & _tney 137.57 111.91 39.42 17.46 0.47 0.47 ! .73 I0.00

i_"_?_ i !iliiii_iiiiiii_ii![:_:_i_i _tney 166 122 63 14.10 0.30 0.40 3.79 91.96
F4Oii:i_:!]".i:.:.::_.i]'. :.]_-I:_Reili.ltoyc®....." 178.53 178.53 103.10 18.95 0.41 0.41 0.73 18.80

R-1820:i!ii!_ii_:/i::i:!::!ili:i:i:_i:ii_::;:i Cufll_ Wdght 19.43 14.37 5.38 !.48 94.68 48.49 5.57 150.56m

Source: EPA, Procedures for Emission Inventory Preparation, Volume IV: Mobile Sources
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Table 41 (Cont.)

'iifliiiiii!!ili_i_!!ii2iiiii!!i!iiiiii!__!!ii_ii_!_i_ii_iiii!_!!!i!i!_i_!_!i!ii_i_!!!!i_!!_ii_!!!!_iiii!i_i!i_ii!!ii!i¢i!iiii!ii!iii!iii!iiiii'_i_ii____ __ _!!!i!!ili!i!'iiiii!i',ii_i__.!!!!!'_!i_!i!i_iii_iiii_i!i!!!i_iliiiii_!i__'___,,_:_'_:!_!i!'_!:i_ii!!i!i!_,i!!_
iiiiiiiiiiiii___!iiiii!ii!i!i!i iiii_iiiiiii!i!!iiiii_ii!iii;iii!!!i;!!i i!i!iiii!i!iiii!!_ii_!ii;iiiii_ii!ii_i;ii!_ii_ii_i!:i_ii:.(_;_i_b_:,.i?,:!!_i_!i_!i!i!i!iiiiii!!i!i!!iiiiii!i;iiiiiiii: ii _i_;_ii!!_iiiii!_ii_ii_i!_ii;_ii_i_i_i_iii_!_i!i_i!iii..._;.M:hI:i!_ii_!_!i:.Ii:i:iiii!_!_!_i_iiiiiii:il iiii_i!:.

:-Ii2._0|.71!.!i_!::i!::::!i::i!i::i!_i!}:-!_i!i_li_iii::i!::::!::::::ii:/-::!i::i!ii!!::i!!::i!ii!::::::_ 7.81 9.02 48.59 97.30 6.60 5.96 2.24 1.43

.:_:#/:i_:-_#.:ii!_i::iiii_iii_i_iii_iii:i_ili_ii!_i_:._!_i!i_i:i_:I_i_!!i_!_i__!_i_!i_i!i_i_i:i!!iiii_i;i_i_!_i_i:i_i_i_!_i_i_k!i_iiii!_t_:_i_i:::ii:_A.iiTi!_:iil.iii!!.::i::.il.iii::iiii.::.i.i.i_i_A!_.ili.!i._ii.iiiii!!i!iil.ii.!i.iiii.i.ii_1.60 !.60 3.00 17.69 i 1.71 10.18 6.38 2.50

!i_i'_'_:::ili!i!¢iiiii!!i!i_:ili:li!_iiiii!ii!_:!!iil!i_!*_!i!ili!ili!!i!i!ii____ _!!__i:_i_:!iiii_i:_!:_i_i_ili_i_i_i__i_:_:_:_x:_:i_i-x_; 1.64 i.64 2.1.7 94.80 22.46 22.46 16.85 1.71

F4_::_:iii!!i_i!!iiiiiiiii|i!!!GE!:__:-_..t_.-_:::_::-:_.::_::_<._:_..:.-..-..-_._:_iii!i i!!_!_!ii ii:_i!_ 23.12 1.05 1.09 137.34 9.22 25.16 14.80 1.16

i __;;;; i.i:t!!ii!i!iii#i;ri ;:flat,if i!;!}al,::;:!!._:;::-:iiil tit!!i:!!!!i!,;;:i;:; 36.40 2,.56 46.25 ,59.00 5.60 5.00 2.92 1.25

TF'_7_ 1;.2;.:.:I::I_'.!:-:L::!::I "Gmn_#!:{i;I :::_/: : " 1.39 2.03 22.38 58.60 i $.25 !3.08 5.90 2.82-_-.:i : : :..I:II;I:._!:_I;!_II:I!-III!I....:i:._i:iii::ili:!ii!i::.I::i¢::._:.!_::::;i-::ii!i::::.!i:i!:-:i!i.....::
.FI0_.._-! N ;:i;!:;!iiii!ili;;.::i_/&il;__i:;!:: ii.:.!I 55.10 1.80 3.00 19.34 16.50 44.00 I i.00 3.96

JS,2_N!I:_ :iii_!:i;;;;::ii!!i}:i;:];;:_!;__;__;i _i;ii : !.4"7 3.18 1!.12 55.96 12.32 8.38 7.17 2.38
. 1.24 1.66 9.43 34.50 17.92 14.21 5.64 2.90

ms'_4 i_',_v/iiii:,_l!_!_'i__i/i?_!......... ]._0 _.so 9.0_ ss.5_ ]_.00 9.00 7.3o _.77
................................. !/I ,.,o ,.oo ,.,o- |

R-i820 .:_;: • :i:;_i:iiiiii::;i!:; CudJi: W_ht _:ii::i:_ 531.73 435.03 384.83 474.16 1.72 2.09 6.50 0.00

Source: EPA, Procedures for Emission Inventory Preparation, Volume IV: Mobile Sources
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Table F-41 (Cont.).
ii!i!i!  iiii!!!i!ii!ii!ii:i!  ,ii!iiiiiii!iiii',i!!iii':iiiiiiiiiilili!ii !i!ii!i!!!i!iiii::

_ii_i?_!:_ii!iii!i_!_i_i_iiii_i_ii_!i_i_i_iii_!!_l_i_i_i_i_i_i_i_i_?_i_iii_i_i_ii_i_iii_i_ii_i:_iiiii_!iii_i_!_ii_[iiiii!iiiiiii!_!_iiii!iiii!iiii?:!::iii::iiiiiiiiii!:_iiii_iliiiiii::iiiii_i!iilii?:i!i:ililiiiiiiiiii!_[iiiiii_i_iiiiiii:iiiiiiiii!i_iiiiiiiiiiiiiii!iii_i!ii:_iiiiiiii!iiilU_?_wi!ili_i::iii_i::!_i::?:!i!1 :iiiii!ii!iiii::ii!!iii!iiii!!iiii_i___ _ii_:i;_iif!

. . :... :.:..:.:

:i_ffi!i_]::_i_i!i]i!!]? O.5 220. I0 ! 0 ! .80 O.I8 6.67 45.60 13.43 1.21 8.24 2.43

C!lmbo_ _iiiii_i_i 1.2 107.8l 126.68 0.22 3.69 32.65 15.43 0.83 7.34 3.47
•.-::. ::: : .: .. :.

Appmaclt _/!:_:;ili 3.7 55.00 201.45 0.36 ! .97 37.68 8.39 0.70 ! 3.47 3.00

i::Tax_: :ii_! I ! .0 12. I $ i 33.48 0.24 39.86 ! 02. i $ 2.05 9.44 24.20 0.48

_!:_iiToffAL! ii!:! 16.29 395.06 563.41 1.00 52.20 2 ! 8.07 39.30 12. ! 8 53.25 9.38

.-:: "_.:_:

(gal.) Obs.per1,000solfeet) Ob_pert.O00Sat.feet)

TOTAL (gals.***) 90.87 - 3-23_62 i352.06 243.63 75.54 330.17 58.15
,,

"" pounds-to-gallons conversion factor is 6.2 ib/gal.
Source: EPA, Procedures for Emission lnvento W Preparation, Volume IV: Mobile Sources
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toak-Almad Imw_ Concerning Aircraft _n Factors

Among the factors expected to influence aircraftemission rates in a forecastingcontext _re the

following:

• new aircraftengine designs,
• airportnoise regulations,

• an increase in airport congestion problems

Aircraftwithcleaner andmoreenergy-efficientengine designsareexpected to continueto slowly
penetrate the world aircraft fleet population. Since there is a significant engineering and

development leadtimefor producingnew aircraftengines, most of the commercial aircraftto be

addedto the fleet in the next five to seven years will be poweredby engines currentlymonitored
by the EPA.n Given the 12-yearaverageservice life for commercial aircraftengines, the newer

generationof aircraftengines are not expected to make a significant impact on national emission

levels until 2010. However, a possible catalyst for an increasedrate of new aircraft engine

marketpenetrationis the recentenactmentof nationalairportnoise regulations,which requirethe
phase-outof loud aircraftby 2000. Airlinesare expectedto upgradetheirfleets with quieterand
cleaner engines once the industryformulates complianceplans. The extent of the emission rate
impact of such fleet upgradingis unknown at this time.

Acting as a counterweighton the downwardpressureon emission rates causedby stock turnover
end new regulations is the growthin air travel combined with limited excess capacity at many

airports. Air travel has experienced stronggrowthover the past several years, and this growth

is expected to continue for the foreseeable future. The primarycapacity squeeze will be felt at

small feederairportsand regionalhubs. Increasedcongestionat capacity-constrainedairportswill
increasetaxi/idle times, resulting in increasedemissions per LTO.

Given these offsetting impacts on aircraftemissions, the emission factors listed in Table F-40
should be satisfactoryfor estimatingfuture aircraftemission levels.

a l]lift.. P. 208.

National EnmrgyModelingSys_
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Waterborne Vessel Emission Factors

Comnmr:/al Vessels

Table F-41 provides the EPA emission factors for domestic commercial motorships. These

emission factors are reported in the AP-42 document. The emission factors are based on Army

Corps of Engineers waterway classification categories, which are defined as follows:

• River--- All waterborne traffic between ports or landings wherein the entire

movement takes place on inland waterways.

• Groat La_s--- All waterborne traffic between United States ports on the Great
Lakes.

• Coastal-- All domestic traffic receiving a carriage over the ocean or between the

Great Lakes ports and seacoast ports when having a carriage over the ocean.

To derived an average emission factor for all three waterway category vessels, a weighted-

average methodology was applied whereby shipment tonnage and average length-of.haul data

from the Army Corps of Engineers were used to construct emission factor weights, s3 Table F-41

provides more details on the weighting methodology.

The EPA Nonroad Engine and Vehicle Emission Study Report provides emission factors for two

additional vessel categories: ocean-going steamships and harbor/fishing vessels." These

emission factors are based on engine sizes and operating mode (hoteling, cruise, and full power),

and are not compatible with the emission factors provided in Table F-41. Because of the small

emissions contribution of these vessels to the overall waterborne vessel total, they are not

included in the composite waterborne vessel emission factors. For reference purposes, Appendix

E.EM.D provides the ocean-going and harbor/fishing vessel emission factor tables from the

Nonroad Engine and Vehicle report.

,ill

a U.S.Army CorpsofEal;iaeers,Waserbome Commerce oftheUnltedStat#s,CalendarYear 1989(WaterborneStatistics

Center,New Orleans,l.,A,1991),Part5:NationalSummaries,pp.32,93.

a, These emission factors were compiled and provided to the EPA in a Booz Allen & Hamilton report, CommrrctaIMcmne
Ve.uwl Conwlbuttona to Emtsston lnvcnto_cs (Los Anseles, CA, October 7. 1991).

National Enirgy Modeling System
Tnmspmldon Modd Demmd SectorDocum.mtamionReport F-14 5



Table F-42. Commercial Vessel Emission Factors" (Pounds per 1,000 gallons
of fuel)

!!zii_ii!iiiii_iiii:i_i_!_: ........ _i _!i _ _1111_:_
i i

.......... : ........,._:iii_::We: Med

I ,' i II.......' ',,' 'r . __

HC 5O 59 50 5l
ii Hi i ilJl]l i Illl i ii i I IIIII

CO tO0 II0 ItO I07
ii i I IHI II I I III II IIIII lill I lllll

NO= 280 260 270 .. 27:1
ii i i|ll _

so_ _'l 27 27 27
I III n I nun,hi ,,,i "_ " J_ I I ,n,,, I IIIIIII_

I

Averqle afimon factorscad©ulaladby multiplyix_l _Uutsat emissionfa_tom for each wst_,rwayclass by
ahipnla_milimlle_ andthenan_u_instheweightedemmionfactorvah_l.TheabJpm_tweightsareu follows:
River---0.34, Ormt Lakes--- 0.07, Coastal.--0.59, Shipment mileage weights were derived by multiplying tons shipped
by the averqle length.of.haul per ton shipped for each waterway class.

Recrea#onal Vessels

Table F-42 providesHE, CO, and NOxemission factors for recreational marinevessels. These

emission factors come from the EPA Nonroad Engine and Vehicle Emission Study Report. The

EPA classifies and reportsemission factors for the following vehicle/engine types:

• vessels with inboardengines (4-stroke)

• vessels with outboardengines (2-stroke)

• vessels with stemdrive engines (4-stroke)
• sailboats with auxiliaryoutboard engines (diesel)

• sailboats with auxiliary inboardengines (diesel)

Whenthe AP-42 documentwas compiled, emission testingdatawas not availablefor recreational

marine vessels. The EPA used coast guard diesel engine and automotive engine emission data

to compute in-board emission factors basedon the duty-cycle for engines classified as large out-

boards. Out-board emission factors were derived from data supplied to the EPA by the
Southwest Research Institute.

i i ,i i ii i,,i

u U.S.EnvironmentalProtectionAgency,CompilotlonofAIrPollutmtEmlulonFactors,Volumell:MobileSourcea,AP-42,

PB-87-205266(EPAOffic4ofMobileSources,Soptemb_r1985),PartII,Off-HighwayMobileSources,TableII-3.I.

U.S.Amty CorpsofEngineers,Wate_ome CommerceoftheUnltedStates,Ca/radarFear198g(WatesbomeStatistics
Crater,New Orknms,LA, 1991),Part5:NationalSummaries,pp.32,93.

NationalEneflly ModelingSymmn
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For the Nonroad Engine and Vehicle report, outboard engine emission factors were derived from

test data supplied to EPA by the National Marine Manufacturers Association, which tested 25

two-stroke and three four-stroke outboard engines. For four-stroke outboards, emission factors

recommended by the Southwest Research Institute were used for particulate matter emissions, s6

Since no data were available for 2.stroke outboard engine particulate matter emissions, EPA used

emission factors from the CARB Technical Support Document for utility and lawn/garden

equipment as approximations. For inboard/stemdrive gasoline engines, the EPA derived emission

factors on the basis of test data on three 4-stroke gasoline marine inboard/stemdrive engines

supplied by NMMA. The particulate emission factor used was 1.64 pounds per 1,000 gallons

of fuel. The EPA used NMMA test data for a small diesel sailboat inboard and three large diesel

inboard engines as the basis for calculating emission factors for inboard diesel engines.

As with the commercial marine vessels, vessel/engine-type emission factors must be weighted

according to an activity or population level indicator and summed to obtain an average emission

factor for the total recreational marine vessel population. Engine population data for each

vessel/engine,type class was used to construct the weights. Boat population figures were

gathered from local boat registration data bases, and were subsequently adjusted to obtain engine

population estimates. Energy and Environmental Analysis developed the engine number

derivation methodology for the EPA.

Table F-43. Recreational Marine Vessel Emission Factors s? (Pounds per l,OO0
gallons of fuel)

I1[[ i ]1 iiii ill

'%i+iii.... I I... 1 '
::iiiiiiii]i;;i!))]]]ii][i]i]iiii!iii!ii]i]]',]il]!iii]_!]i]i[ii[]}_i]!::]]!.]!![+]:'._N_:_i::' .i]!!/_]];::_:',4_m_:: i ].+:]:"4-Stmb.:.:: ::i]]J ! ii Diesel Aux. ]ll:.!il Average'

iiii!!ii!!i_ i:_:!;!:!il 1610 190 160 SO 1233
..... .. .... /,+, :+ .

I II i
:';':*;;_':':';':L;'.':'_':'_'_'_ ,':': :';'_','.'i'.'.'.'.

ii_iiiiii+_ili!il;_i_i!_i_iii!i!i!i!!_i]i_ii_2990 3130 2680 80 2884I I roll I i

I iii i ii

Weights for each vessel/engine.type category were constructed from the following engine population figures:
i__1_.8_ -- 8,204,304, Outl_l/4..St_ke --- 41,228, Stcr_lfived4..Stmke --- 2,713,420, Sailb_t_ie_l..A_.
--- 114,502.

u U.S. Environmental Pfot_tion Agen©y, Destsna_on of A _em for Air Quality Planning Pu_os¢=, 40 CFR Part 81, Fintl
Pule, Wohiagton, D.C., Office of Air and Radiation, Novemb®r 6, 1991.

n U.S.EnvironmentalPfote+tiooAsency,NonmadEngln# md VehicleEroSion Study--Report,EPA 460/3-91-02(EPA

OfficeofMobileSources,November 1991),Table2-03,Appendixl,TableI-Il.
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Table F-44. Ocean-GoingCommercial Vessel Emission Factors
ii iii

i!iiiiiiiiilii]!iiii'iiiiiiiiiii'i_ i_ iiii]!ii! :__il_ii]ii!_!i]ili]!iiiii;_:ii_]il_!iiii!i]:_i!!ii_!i:_iiil]];_i]iii_;!!iii::_iiiiiii]i]i_iii!il!i_:i 63.6 1.72 7.27 l$9x(%S) 56.5

iililiiiii!!iiii!i!i___ii_,_:i_i!il !ii !_i ii_ _iiiii_]iiii_i!i:i!iiii:i_iiii_I 55.8 0.682 3.45 159x(%S) 20

!iiliii!iii i
!!!!!!i!i iiii!ili_!ii_!i_ _i_.i_r._,ilil ,: i:i .....ii.:::!!_:!i 36.4 3.2 * 159x(%S) 10

i!i!!iiii_ii!ii!!ii!ii_iiiiilii_ii_iii!ii;_:_.i!__iO_!_!!!_i_iiiii:!_:i!i:iiii!!i!ilili!!,:i:iiiii._.__!i:.ii_i_i:_ i:.i:._i:i,:,i 22.2 3 4 142x(%S) 15

+!i'[iii::++i!ii[+i_i__ °IPO_°II ]I:_: :, 550 24 61 157x(%S) 33
i ii

:::::::::::::::::::::::::::::::::::::::i _,... :.. :.:+=======================::+. ::+..'.:+..

fill !ilii i!ii _i;:_i::i_ i_;e' T_md).... 4'7"7 144 53.4 2'7 1'7

iiiiii_, i i _i_ i:_!i_°,_ LoSd);::::. " ' . 140 17.8 62.3 27 17

!ii!i!i iii]i_i_!i:_'i_/'i,_ i ii : i ::: _i ': 293 81.9 48.1 2'7 1'7

Notes: 1) Emissionsfactorsshowin8an asterisk(*) are consideredncB|igiblefortheseoperatingmodes.

2) Averase sulfurconcentrationsusedare 0.8 percentfor marinediesel,and2.0 percentfor bunkerfuel
oil.

Sources: 1) U.S. Environmental Protection Asency. Compilation of Air Pollutant Emission Factors, 1985.

2) U.S. Depax_ent of Transportation, Port Vessel Emissions Model, 1986.

3) California Air Resources Board, Report to the California Legislature on Air pollutant Emissions from
Marine Vessels.
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Table F-45. Harborand Fishing Vessel Emission Factors

in <,. ,

ili!ii_!ii_i!!!i!iiiiiiiii_!i!__i__d_/_ :_ i !::i':_.i .+ ii_ii_C.!!!!I_._,_.CO: _iiii_i_i_!i_i!SO,i _ .!/PMam

iiii__i:-__;i_iiii:.:_!_ :_ii_!'::i:_ii!::ii:i__:::ii_.:iii:ii_ii_i_!ii.lii_ii_i!:.:_I!:+!:ii:':ii::'iii++i_!_i_ ",_::+_ Pounds per Thousand Gallons of Fuel Consumed
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ili+i+ili+,+ii:,ii!',_:i',',!:i:_!_m.._ow.,: ::
++i++++i++ i +++ii_+++ :: !::::++::i:::: :++ ++ ::+ 472 16.8 237.7 157x(%S> 17
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!i!iiiii!iliiiiiiiiiiiii!iiiiiiiiii_i! i __!i_+_m ::::+!.+:.:.+++.++"i +++ 62.0 Gmms/Hr
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Notes: I) Average sulfur concentration for marine diesel fuel = 0.8 percent.

Sources: !) U.S. Environmental Protection Agency. Compilation of Air Pollutant Emission Factors, 1985.
2) U.S. Department of Transportation,Port Vessel Emissions Model, 1986.
3) California Air Resources Board, Report to the California Legislature on Air pollutant Emissions from

Marine Vessels.
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Appendix G. Supplemental Reports

This Appendix consists of two unpublished reports produced by Energy and Environmental

Analysis, Inc., under contract to Oak Ridge National Laboratory. These two reports formed the

basis for the subsequent development of the Fuel Economy Model described in Volume I. They

are included in order to document more completely the efforts undertaken to construct a

comprehensive model of automobile fuel economy.

, The supplemental reports are as follows:

Supplement 1: Documentation of A ttributes of Technologies to Improve A utomotive Fuel

Economy

Supplement 2: Analysis of the Fuel Economy Boundary for 2010 cmd Comparison to

Prototypes

NalionadEnergyModelingSystem
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i. INTRODUCTION

Over the last decade, the Department of Energy (DOE) has been involved in

forecasting automotive fuel economy to model fuel demand, and has also been

active in estimating fuel economy potential to comment on regulatory

initiatives. The single most important factor in future fuel economy

projections is the technological improvement to cars, since size class mix

shifts and changes to performance have traditionally had a much smaller effect

on fuel economy relative to changes to vehicle technology. The DOE method of

forecasting fuel economy relies on detailed understanding of technologies

available to improve automotive fuel economy. Vehicle fuel economy changes

associated with technological improvements are forecast assuming constant size

and performance, and then adjusted to account for expected shifts in consumer

preference for size and performance. This methodology was developed for the

DOE by Energy and Environmental Analysis (EEA) and in new embodied in the

model called the Technology/Cost Segment Model (TCSM).

The TCSM is largely an accounting model that tracks the various technologies

and their synergies and non-addi_ivity, so that forecasts of future fuel

economy avoid the problem of double counting technology benefits or

simultaneously utilizing non-additive technologies. However, the key inputs

to the TCSM are the list and characteristics of available technologies. Over

the last few years these technology definitions and attributes have been

continuously refined, but no single report exists that contains a

comprehensive documentation of the technologies and characteristics resident

in the current TCSM. This report is intended to provide such a documentation

so that technology characteristics are transparent to the TCSM user.

As noted, technology benefits are defined at constant vehicle acceleration

performance, and at constant vehicle interior room as measured by EPA's

interior volume index. Any technology can be utilized to increase these
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vehicle attributes rather than fuel economy, or to provide some combination of

benefits that meet the requirements for the market. Since the tradeoffs

between fuel economy and performance as well as fuel economy and size are

understood, an exogenous adjustment can be applied to calculate the net effect

for changes to vehicle attributes that occur in combination with changes in

technology.

The DOE forecasts have been a subject of much recent attention, and the

technology benefits utilized in the TCSM has been subject to a very detailed

review by major automanufacturers. In particular, Ford Motor Company has held

several meetings with EEA to discuss differences between its findings on some

technologies with the findings developed by EEA, especially if the views are

divergent. Ford's inputs are discussed in detail in this report, and the

reasons for remaining areas of disagreement are also provided. Other

manufacturer inputs were not as detailed, and are referenced at various points

in the documentation where appropriate.

Section 2 of this report provides an overview of the calculation procedure for

forecasting future fuel economy, as well as its relationship to the exact

engineering equations that can be used to compute fuel consumption as a

function of vehicle related variables. Section 3 through 9 discuss various

technology groups such as these effecting weight, the conventional spark

injection engine, or transmissions. Each section provided a comprehensive

review of:

, the technology's mechanical features

• the engineering reasons behind its fuel economy improvement

potential

• actual data on the fuel economy improvement measured

• other related technology attributes that hinder or aid market

penetration

• synergy or non-additivity constraints, if any, with other

technologies considered.
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One important aspect, the technology cost (or more accurately, its incremental

recall price effect) is not documented in _his report buc will be issued

separately as an addendum _o _his report.
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2. METHODOLOGY TO CALCULATE

BENEFITS

2.1 OVERVIEU

The fuel economy behavior of a vehicle is dependent not only on the individual

technologies employed on a vehicle, but also in how they are applied, and to

some extent, what other technologies are present simultaneously. As noted in

the introducClon, the fuel economy benefit due to technology changes to a

given automobile is always calculated on the basis of holding vehicle size as

measured by interior volume, and vehicle performance constant. The second

term is more complex to define, but each technology that affects the power,

torque or weight of the engine/vehicle is examined in detail, and the

appropriate set of tradeoffs to measure fuel economy benefit on a constant

performance basis are identified and defined.

Individual technology benefits are defined relative _o a base technology and

are estimated in _erms of percent benefits to fuel economy. If the technology

represents a change to a continuous variable e.g., weight, the impact of a

specific (e.g. I0) percent change in the variable a fuel economy is estimated.

If the technology represents a discrete technology, _he percent benefit for

that technology is defined relative to replacing a base technology (e.g., 4-

valve engine over 2-valve engine) holding the size and performance parameters

constant. Table 2-1 provides a list of technologies documented in this report

and the baseline technology against which benefits are measured.

Of course, no technology will be used in isolation and synergistic and non-

additivity constraint must be recognized. Non-additivity is handled simply by

recognizing the fact that the sum of market penetration of two non-additive

technologies can never exceed i00 percent, i.e., both technologies cannot be

present in the same car. Synergy is recognized from engineering analysis

which identifies technologies that simultaneously contribute to The reduction

2-I

J



TABLE 2-1

TECHNOLOGY DEFINITIONS

Technology ,,, Definlt_0_

Front Wheel Drive Benefits include effect of weight

reduction and engine size reduction

starting from a late-1970's rear-wheel

drive vfntage design.

Drag Reduction I Based on CD decreasing from 0.375 in

1987 to 0.335 in 1995, on average."

Drag Reduction II Based on CD decreasing from 0.335 to

0.30 in 2001, on average.*

Torque Converter Lock-up Lock-up in gear 2-3-_ compared to open
converter.

4-Speed Auto Transmission 3-speed auto transmission at same

performance level.

Electronic Transmission Control Over hydraulic system, with electronic

control of shift schedule and lock-up
of torque converter.

Accessory Improvements Improvements to power steering pump,
alternator, and water pump over 1987
baseline.

Lubricants (5W-30) Over lOW-40 oil.

Weight Reduction Based on substituting advanced
materials for conventional materials,

while maintaining the same strength and
size.

" To exploit the benefits of dra 8 reduction, the top gear must have a lower

(numerical) ratio to account for the reduced aerodynamic horsepower
requirement.
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TABLE 2-1

TECHNOLOGY DEFINITIONS

(Continued)

Technology De_iniClo_

Overhead Camshaft OHV engine of 44-45 BHP/liter replaced

by OHC engine of 50-52 BHP/liter but

with smaller displacement for constant

performance.

Roller Cam Followers Over sliding contact follower.

Low Friction Pistons/Rings Over 1987 base (except for select

engines already incorporating

improvement).

Throttle Body Fuel Injection over carburetor (includes air pump
elimination effect).

Multi-Point Fuel Injection over carburetor. Includes effect of

tuned intake manifold, sequential

injection and reduced axle ratio for

constant performance.

4-Valve Engine (OHC/DOHC) Over two-valve OHC engine of equal

performance. Includes effect of dis-

placement reduction and compression
ratio increase from 9.0 to i0.0.

Tires Over 1987 tires, due to improved con-
struction.

Intake Valve Control Lift and Phase Control for intake

valves. Includes effect of engine

downsizing to maintain constant perfor-
mance.

Advanced Friction Reduction Includes composite con rod, titanium

valve springs, light weight recipro-

cating components.
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of the same source of energy loss. The computational methodology uses a

linearized form of the exact engineering equation, and it is described below.

Clearly, the method is an approximation to make the calculations relatively

simple, yet yields results that have been accurate to ±0.2 MPG, historically.

In projecting a maximum technology boundary case for the post-2000 time frame

it is believed that these approximations could cause larger errors and a more

rigorous engineering model is required. The current model is described below.

2.2 ENGINEERING MODEL

The model follows the work of Sovran _/2/who produced a detailed analysis of

tractive energy requirements on the EPA fuel economy test schedule, i.e., the

city cycle and the highway cycle. Each driving cycle specifies speed as a

function of time. The force required to move the vehicle over the driving

cycle is easily derived from Newton's laws of motion:

F - M dV/dt + R + D

where F - the force required

M - the vehicle mass

dV/dt - the acceleration rate

R - the tire rolling resistance

D - the drag force

From the knowledge of physics, it can be shown that:

F - MdV/dt + _C_V + CDA-_Xz -- (1)2

where CR is the rolling resistance co-efficient

Co is the drag coefficient

g, p are the gravitational acceleration and air density respectively.

V is the vehicle speed

A is the vehicle frontal area
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Over the fuel economy test, V is specified as V(t), and the energy required is

the integral of force over distance, s:

E -fF. ds

-fF. V. dr.

In the car, energy is provided only when F is greater than zero, while energy

during deceleration is simply lost to the brakes. Taking these factors into

account, Sovran and Bohn z/ showed that energy per unit distance (S)

E/S - -MC e + , CDA + 8M --- (2)

where -, _ and 8 are constants virtually independent of vehicle characteris-

tics, but are different for the cit 7 and highway cycle. In essence, each term

represents one component of the total force, the first representing energy to

overcome tire rolling resistance, ER, the second to overcome aerodynamic drag,

EA, and the third to supply kinetic energy of acceleration, Ek. In the absence

of acceleration (during steady speeds) Fe is zero. Figure 2-i shows the drag

and the rolling resistance forces for a typical car at steady state cruise, as

well as the drivellne loss described below.

Sovran i/ also related tractive energy to fuel consumption by adding the work

required to drive accessories, and the energy wasted by the engine during idle

and braking. He defined the average engine brake specific fuel consumption

over the test cycle as bsfc, and derived the following equation

FC - _ [Er + EA + Fe] + bsfc EAc

"d + G, (t_+ tb) .... (3)

where _d is the drive train efficiency

EAc is the accessory energy consumption

Gi the idle fuel consumption rate

tl,tb the time at idle and braking in the test cycle.
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The above equation shows that reductions in rolling resistance, mass, drag and

accessory energy consumption, and idle fuel consumption cause additive

reductions in fuel consumption.

The engine output energy is supplied to match the tractive energy require-

ments. If total energy required is defined as

E - _I_ [E, + ER + Ek] + EAC • . . (4)

_d

then E - BHP.t (engine power output)

Engine output power can be further decomposed to provide explicit recognition

of engine internal losses. There are no conventions regarding the

nomenclature of such losses. In general, the engine has two types of losses,

one arising from the thermodynamic efficiency of combustion and heat recovery,

and the second due to friction, both mechanical and aerodynamic. Aerodynamic

friction is more usually referred to as pumping loss." A third component

that is sometimes excluded from the engine efficiency equation is the power

required to drive some internal accessories such as the oil pump and the

distributor. Items such as the water pump, alternator and fan are usually

(though not always) classified under accessory power requirements. In this

analysis, power for all accessories - both internal and external - are

classified under accessory power requirements, and the following relationship

holds"

BHP - IHP (I - P - F=) . . . (5)

Where IHP is power generated by the positive pressure in the cylinder

P is the pumping loss fraction

" We distinguish between throttling loss and pumping loss, using the latter

term to include both throttling loss and frictional losses in the exhaust

and intake system.
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F= is the mechanical friction loss fraction

Since fuel consumption, FC, can be written as

FC - bsfc. BHP. t - isfc. IHP-t

m

bsfc- isf____gc. . . (6)

(I-P-Fr)

Substituting equation (6) into (3) we obtain

FC - isfc [ER + EA +Ek + "d Eac]
I-P-F=

+ G_ [ti + tb] . . . (7)

The isfc is principally a function of combustion chamber design and compres-

sion ratio of the engine, and to a lesser degree, the air fuel ratio. Since

nearly all cars operate at stoichiometry, the air fuel ratio is currently not

a factor but could become one if "lean-burn" concepts are utilized.

Pumping losses are dependent principally on the relative load of the engine

over the cycle. The larger the engine for a given car weight, the lower the

, load factor and the higher the pumping loss due to throttling. Pumping losses

are also incurred in the intake and exhaust manifolds and valve orifice. The

use Of tuned intake and exhaust manifolds, and greater valve area (e.g. by

utilizing 4 valves/cylinder) reduce pumping losses. Losses other than

throttling loss are not unimportant in the contribution to overall pumping

loss.

Engine mechanical friction is associated with the valve train losses, piston

and connec6ing rod friction, as well as the crankshaft friction. At low RPM,

valve train friction is quite large as a percent of total friction, but

decreases at higher RPM, while piston/connecting rod friction increases

2-8



Idle fuel consumption is also affected by changes in engine parameters. At

idle, all of the fuel energy goes into driving the accessories and overcoming

pumping and friction loss, since there is no output energy requirement.

Hence, decreases in pumping loss or mechanical friction result in much larger

percentage reduction in fuel consumption at idle than at load.

Mitsubishi provided data on the general components of friction of the engine

as shown in Figure 2-2. The pumping loss shown here is due to internal

airflow and not due to throttling. At closed throttle idle pumping loss is

approximately equal to frictional loss.

Equation 7 also shows the general structure of the calculation procedure. A

simple differentiation of (7) yields :

dFC - d(isfc) + .P • d__P + __..FF=__* d__F=

FC isfc l-P-F= P I-P-F r Fr

+ E^ • _ + . . . + . . (8)
E^+ER+Ek + _d E^C E^

where each derivative is expressed as a percentage change. Thus, a one

percent change in isfc translates to a one percent change in fuel economy, but

a one percent change in pumping loss must be weighted by the fraction that

pumping loss is of total output energy. Similarly, aerodynamic tractive

energy change must be weighted by the fraction that aerodynamic energy loss is

of total tractive energy.

Two observations are required at this point. First, equation (8) assumes that

the vehicle can be reoptimized for any change, so that engine variables are

not affected by tractive energy requirements. As pointed out by Sovran, this
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FIGURE 2-2
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is not always possible. For example, aerodynamic losses are near zero at low

speed but high at high speed. Hence, an engine cannot be simply downsized as

aerodynamic loss is reduced, since the smaller engine will not have enough

power at low speed. As a result, a higher gear must be added along with

engine downsizing to achieve a correct compromise. In theory, it is possible

to reoptimize the entire drivetrain, but in practice compromises cause

significant losses in fuel economy from the attainable maximum. In the long

run, as for 2010, some factors can indeed be optimized to yield the full

predicted value, while other factors cannot. For example, it appears unlikely

that predicted friction loss reduction related fuel savings can be obtained as

the engine cannot be downsized to the point where low speed torque is

compromised. On the other hand, rolling resistance decreases may provide the

predicted fuel savings as its effect is felt uniformly throughout the speed

range.

2.3 FORECASTING METHODOLOGY

Methods to increase the fuel economy (reduce fuel consumption) must rely on

reduction of energy contributed by each of the terms shown in Equation (7).

Equation (8) is useful if _he change in factors is small, but not applicable

for the large changes. Focusing on the terms in equation (7) it is easily

seen _hat fuel consumption is decreased by-

• decreasing friction and pumping loss

• decreasing weight

• decreasing drag

• decreasing rolling resistance

• decreasing accessory power consumption

• decreasing idle fuel consumption

Of course, a given technology can act on more than one of these factors

simultaneously. Table 2-2 shows the relationships between individual technol-

ogies and the terms listed in equation (7). Drivetrain efficiency, _d is no__..q_
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TABLE 2-2

TECHNOLOGY/ENERGY USE RELATIONSHIP

Weight Reduction / /

Drag Reduction /

4- speed Automatic / / /

TCLU /

Electronic Trans

Control / /

Accessory

Improvements /

Tires improvement /

5W- 30 oil /

Overhead cam / / / /

Roller Cam

Followers / /

Low Friction

Piston/Rings / /

Fuel Injection / / /

4-valves/cyl inder / / /

Intake Valve Conurol / J

5-speed Automatic / /

Electric Power

Steering /

2-12



the major factor in the benefits associated with multi speed transmissions;

rather, the reduction inpumping and frictional losses are the biggest factor.

It should also be noted that all engine improvements affect idle fuel consump-

tion, so that idle consumption can be approximated with El, an "equivalent"

energy at idle to drive the accessories and torque converter. EI is simply a

mathematical artifact to make the analysis simpler for forecasting. Hence, we

have fuel consumption.

m

FC - isfc [E+R..-t.-__+- E"--+ nd (E_,_c+ ZI.ll • • • (9)

,d [I'P'Fz]

The relationship between fuel consumption and vehicle variables can be derived

from equation 7 in exact terms if the co-efficients are evaluated for the FTP

and HIGHWAY driving cycles. In fact, Sovran utilized a detailed evaluation of

these cycles to derive the sensitivity of fuel consumption to vehicle weight,

aerodynamic drag and tire rolling resistance coefficient. The general

characteristics of the two cycles are shown in Table 2-3. One striking factor

is that nearly 41 percent of the time on the FTP is spent in deceleration or

at idle. In comparison, less than I0 percent of the time on the highway cycle

is spent in braking or at idle. This difference, coupled with the different

speeds and average acceleration rates in each cycle, leads to substantially

different sensitivities between the two cycles.

In order to evaluate the sensitivity of fuel consumption to changes in vehicle

parameters, information is required on the fuel consumption at idle and

braking as well as the fuel consumed by driving accessory loads. Sovran

utilized data on 1979/1980 GM cars and found that idle and braking fuel

consumption was proportional to engine size. As an approximation, he assumed

idle + braking consumption to be a constant fraction of total fuel consumed

and estimated this fraction at 16 percent for the FTP and 2 percent for the

highway cycle. He utilized a similar assumption for the accessory fuel
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TABLE 2-3

FUEL ECONOMY CYCLE CHARACTERISTICS

Urban Hizh_x

Speed (average) kmh 38.4 77.6

Speed (max) kmh 91.5 96.8

Distance, km 12.0 16.5

Time at idle (s) 249 3

Time of braking (s) 311 57

Total time for cycle (s) 1373 765

Percent of time at idle and braking 40.8 9.84
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consumption fraction, holding it constant at I0 and 9 percent respectively.

This is equivalent to the approach in Equation (9) where the term

[E_ + El] • bsfc is replaced by a constant. Utilizing these assumptions, he

derived sensitivity coefficients that were dependent on the drag to mass ratio

and the rolling resistance coefficient. Using typical value for the average

1988 car, with a mass of 1400 kg (3100 ib), CD of 0.37, frontal area of 1.9 mz

and tire rolling resistance co-efficient of 0.01, the fuel consumption

sensitivity coefficients from equation 2 are as follows:

p - 0.28

8 - O. 54

@ - O. 24

The weight reduction sensitivity co-efficient above does not incorporate the

effect of engine downsizing, which reduces idle/braking fuel consumption

"proportionally. The coefficients assume that the engine and drivetraln are

adjusted to provide constant bsfc, (a factor which may not be realized in

practice) but do not account for engine downsizing. Second, the constants are

dependent to a certain extent on the assumptions for the fraction of fuel

consumed at idle + braking, and by accessory power demands. (The smaller

these fractions, the larger the sensitivity coefficients).

Table 2-4 provides a summary of the estimates of the EEA estimated sensitivity

coefficients that is attained in actual practice, as opposed to the estimates

derived purely from equation (8). In the application of these coefficients,

it should be recognized that they can be used only for modest variations for

any of the variables involved.

When large reductions of any variable are likely to occur the preferred form

of analysis is to use equation (7) with a "slippage" factor to account for the

fact that theoretical benefits cannot be attained in actual practice for some

variables of concern.
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TABLE 2-4

ESTIMATED FUEL CONSUMPTION SENSITIVITY COEFFICIENTS

(Percent reduction in fuel consumption per

percent reduction in independent variable.)

FC Sens$C_vicy F/E se_i_iTity

Weight reduction 0.62* (0.54) 0.66

Drag reduction (CD) 0.22 0.23

CR reduction 0.23 0.24

Thermal efficiency 1.00 1.00

Pumping loss 0.23 0.24

Friction loss 0.23 0.24

Drivetrain efficiency 0.78 0.81

Accessory power O.10 0.ii

I

i
[
!

* Includes proportional reduction of displacement.
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The methodology used to calculate the fuel economy benefit due to the

application of any set of technologies to the automobile is as follows.

First, the technology set is examined to identify which energy use factors are

affected, and areas of overlap are examined for synergy. Second, the net

reduction in each specific energy use area are estimated and the benefits to

fuel consumption calculated with equation (8). In general, synergies occur

primarily in pumping loss reduction, wi_h smaller synergies in the area of

friction reduction.

2.4 CALCULATION pROCEDURE

The theoretical concepts behind the forecast have been explained through the

engineering equations. The exact method of calculating fuel economy involves

a sequence of steps that are as follows:

* Definition of a baseline

* Identification of available technology

* Adoption of technology to the proper level of market
penetration

• Calculation of fuel economy after adoption of technology

The analysis can be performed at the model specific (such as Ford Escort or

Chevrolet Caprice) level or at a more aggregate market class level, where

vehicles within a market class are very similar in size, performance and

option levels.

The starting point of all the analysis is the definition of a baseline of

vehicle technology and fuel economy that is derived from actual data. For

example, the choice of the 1988 Ford Escort as _he baseline requires the

identification of all the vehicle characteristics such as weight, drag

coefficient, engine size and power, types of transmissions, acceleration

performance, type of fuel system, ecc, as well as the actual EPA composite

fuel economy rating for 1988. If the analysis is at a market class level,

these characteristics are averaged across all models in the given year, and
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discrete technologies such as A-speed automatic transmissions are described by

their market share within the class.

Once the baseline technologies are detailed, a list of available technologies

is identified along with the potential date of availability. In the short

term, most technologies available for improvement are dictated by the produce

plan for a particular model, and these are tracked through articles in the

trade press. In the longer term, ErA selects available technologies based on

both product li'fecycle of the model, as well as technology readiness.

Continuing with the Ford Escort as the example, it's product lifecycle is

eight to nine years, and a new design was introduced in 1990. This implies

that major changes can be made when the next model is introduced in 1998/1999.

Technology readiness is based on a determination by ErA of when a technology

is likely to be broadly adopted in the marketplace. For example, we expected

that 4-valve per cylinder technology could be broadly adopted by domestic

manufacturers in the 1991-1998 timeframe, whereas 5-valve/cylinder technology

is unlikely to enter the mainstream until 2001. Such determinations are based

on interviews with st_ utomanufacturers and involves some degree of

subjective judgement, recognized that technology availability does not

guarantee its introduction in the marketplace, but depends on the costs of a

technology and its benefits. A simple model of technology adoption by the

manufacturers is one where technology is adopted in a carline if the value of

fuel saved over a specific period exceeds its first cost to the consumer.

Analysis of historical data suggests that a period of A years (typical of new

car ownership) for calculating the payback provides a good historical

approximation of manufacturer behavior, and we have utilized this to represent

scenarios of business as usual or "product plan" scenarios. Other scenarios

can be easily constructed _o evaluate technology adoption based on fuel

savings over a vehicle lifetime (i0 or 12 years), or in total disregard of any

costs effectiveness criteria where all available technologies are adopted to

the maximum extent possible.
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Technology adoption is usually associated with a level of market penetration.

For most technologies, it is an "all-or'nothing" decision at the carline

level, since, for example, a given car can either have a new low drag body or

it will not. Technology non-additivity must be accounted for so that two

technologies (such as manual and automatic transmissions) that can not be

present in the same car are not assumed to each have 100 percent market

penetration. However, there are some technologies that are offered as options

in a given model, where the cunsumer has a choice. Typically, these involve

performance engines or engines using other fuels such as diesel engines.

Evaluation of their market penetration is either developed by specific

scenarios assumptions, or else determined by trend analysis or results from

consumer surveys if the object is to forecast fuel economy.

The calculation of fuel economy after technology adoption is relatively simple

using the "linarized" method detailed earlier, but specific adjustments are

made for synergistic effects between two technologies. The synergies are

recognized through engineering analysis, as the operation of each technology

is well understood and the source of its benefits (in terms of reduction of

specific losses identified in the engineerin_ equations) are known. In brief,

the model is:

FC - FCo [I + Z %% + Zi ZJ slj %mj]

where: FCo is the baseline fuel economy

m i is the market penetration of the i_ technology

xi is the percent fuel economy benefit of the i_h technology

slj is the synergistic effect between technology i and j on fuel

economy.
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3. WEIGHT REDUCTION

3.1 ENGINEERING DESCRIPTION

One of the most important determinants of vehicle fuel economy is vehicle

weight. Lower vehicle reduces the forces required to accelerate a car, which

in turn reduces fuel consumption. There are four principal methods to reduce

vehicle weight, namely:

• Conv_Tsion to front-wheel drive

• Downsizing
I

• Material substitution

• Use of unit body construction

Conversion to front-wheel drive reduces weight because: i) the driveshaft and

rear axle are eliminated, and 2) a vehicle of given interior room can have

smaller exterior dimensions due to more efficient packaging.

Downsizing reduces vehicle weight by decreasing the size. This process,

however, does not conserve interior room for cars, and results in a loss of

consumer utility. It is not considered in this report, since its effects can

be simulated as a changed mix of size classes.

Material substitution requires the substitution of high strength steel,

aluminum, magnesium alloys or plastics for plain carbon steel, which accounted

for over 45 percent of 1988 vehicle weight. In most cases, this involves

redesign of the part to optimize for strength.

Unit body construction refers to the elimination of the conventional

chassis/body structure. Prior to 1978, most vehicles utilized a separate

chassis that carried all vehicle loads, and the body was suspended on the

chassis. Unit body vehicles utilize the body panels as stressed members that

carry the vehicle load. Elimina_ion of the chassis results in a 5-8 percent
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reduction in vehicle empty weight. Between 1980 and 1983, many U.S. domestic

cars have incorporated all four methods of weight reduction described below.

All front wheel drive cars now feature unit body construction.

Conversion to front-wheel drive began in the U.S. with the introduction of the

Omni/Horizon in 1978 and the GM X-car in 1979. In general, most of these

conversions have maintained interior volume in comparison to their rear-wheel

drive predecessors, thus permitting comparisons of fuel economy gains and cost

changes.

Downsizing occurred primarily during the 1975-1980 era in the U.S. Even

though the exteriors of the cars are now much smaller, interior volume

declined only modestly. (This downsizing does not account for "mix shift"

which is treated separately). More recently, cars are being upsized and

recent cars have even increased in exterior dimensions in almost all countries

around the world.

3.2 FRONT-WHEEL DRIVE

In front wheel drive (FWD) vehicles, the engine/transmission output shaft is

directly connected to the front-wheels, and the most common placement of the

engine is in the transverse position, so that the crankshaft is parallel to

the driveshaft. In contrast, the engine/transmission in rear wheel drive

(RWD) vehicles is placed longitudinally. The output shaft is connected to the

rear axle by a propeller shaft that runs from the front to the rear. The pair

is transmitted to the wheels via the differential. The advantages of FWD over.

RWD designs are:

(i) The transverse engine placement allows more compact packaging

of the drivetrain, eliminating the propeller shaft,
differential and rear axle.

(2) The vehicle's exterior dimension can be reduced significantly

when the engine is packaged transversely, without impacting

passenger room. In addition, FWD eliminates the hump in the

floor required to accommodate the drive shaft, enhancing
legroom.
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(3) The drivetrain is made more efficient by the elimination of

the less efficient hypoid gears in the rear drive axle with

the helical gears used in the transaxle.

EEA's analysis of front-wheel drive versus rear wheel drive compares the

benefits at equal interior volume. Two factors affect fuel economy - the

increased drivetrain efficiency, and the weight reduction through improved

packaging of the car.

DOT had extensively investigated the improvements of drivetrain efficiency

between RWD and FWD designs in the late 1970's and early 1980's. They

concluded that the reduced drivetrain losses in the FWD design would lead to a

1.5 percent improvement in fuel from this factor alone.

The weight reduction afforded by FWD designs over RWD can be gauged by several

methods. The weight of the drive shaft, rear differential and rear axle weigh

150 to 160 ibs, which is the minimum weight reduction that can be expected,

partially offset by the transaxle which weight 30-50 Ibs in FWD vehicles.

(Transmission weights are also slightly lower for FWD vehicles). The minimum

net weight reduction of 100-120 Ibs is not representative, as the packaging

benefits are more significant.

One method to estimate the total weight reduction from FWD is simply to

observe the weight/volume ratios for the current 1988 fleet. Since RWD is

used in few cars, simple fleet averages would be unrepresentative. Rather,

the fleet is divided into "market" classes, where each market class consists

of vehicles with similar interior volume, performance levels and price. (The

last two variables separate market class from size class, as it allows

recognition of sports and luxury vehicles). In general all of the vehicles in

one market class are considered as substitutable choices for a consumer, and

vehicle attributes show relatively small variances among models within a

market class, with the exception of the luxury class. (Luxury class is simply

defined as all cars costing over $25,000 in 1988, and incorporates a wide

variety of models.) Figure 3-1 shows the WT/VOL comparison. In virtually
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every case the weight of an FWD vehicle is 10.5 to 19 percent lower at the

same interior volume. No value for subcompact and minicompact cars is shown

since all cars in these classes were already FWD in 1988.

The domestic manufacturers had only a handful of RWD models in 1988, and some

of these have been replaced by FWD models by 1991. Table 3-1 shows the weight

reduction available by comparing it with the actual replacement model weight

or the weight of a similar competing vehicle of near equal volume and

performance. The analysis is dependent to some degree on the comparison,

especially for the sports cars. However, EEA does not anticipate that the

Camaro/Firebird and Mustang will be converted to FWD. For all other RWD

vehicles, we have utilized a mean value of 13 percent weight reduction. Some

of this gain is due to the conversion from body-on-chassis type structure to

unit body construction. The 13 percent weight reduction potential translates

to a 8.5 percent improvement in fuel economy. The total benefit of FWD

conversion for both weight reduction and driveline efficiency improvement is

estimated at i0 percent. This includes the effect of conversion to unit body

construction.

3.3 MATERIAL SUBSTITUTION

Material use in domestic zars changed sharply in the late 1970's and early

1980's, and material substitution was launched with the new Chevrolet

Impala/Caprice for model year 1977. Relative to previous cars, the weight of

the Chevrolet was lower by 600 to 700 ibs, while interior room was largely

unchanged. On average, the fleet average weight decreased by over 500 Ibs in

the 1976 to 1984 timeframe. Since 1984, the pace of material substitution has

slowed significantly. In fact, the 1977 Chevrolet was sold through model year

1990 with only cosmetic updates and very minor changes to material content.

Table 3-2 shows the progression of material use in domestic cars during the

1976-1988 period. Between 1988 and 1990 weights of some cars have actually

climbed, due to less weight conscious design°
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TABLE 3-1

_TEIGHT REDUCTION THROUGH F_D CONVERSION

1988 Comparable

RWD Model Body Type _eight _FX/DModel. _ Savings

GM

Chevrolet Caprice Chassiss 3803 Olds 88 3296 10.8

Cadillac Brougham Chassiss 4282 N/A -- 15. i"

Camaro/Firebird Unibody 3357 Probe Turbo 2990 ii. 0

Monte Carlo Chassiss 3270 '89 Regal/Supreme 2953 9.7

Crown Vic/Gd. Marquis Chassis 3780 Olds 98 3330 12.0

Thunderbird/Cougar Unibody 3215 '89 Regal/Supreme 2953 8.2

Mustang V-8 Unibody 3190 Probe Turbo 2990 6.3

Chrysler

Fifth Avenue Chassis 3760 '90 Fifth Avenue 3215 14.5

" Estimated from similar vehicle vol_e/wt ratio for Cadillac FWD.
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TABLE 3-2

WEIGHT REDUCTION THROUGH MATERIAL SUBSTITUTION

_* _ Plastics Aluminum GRP

Small Car 2150 1821 1794 1561 1467

(15%) (16.5) (28.5) (31.8)

Compact Car 2600 2310 2265 2040 1870

(14.4) (12.9) (22.5) (28.1)

Large Car 3586 3022 2979 2781 2429

(15.3) (16.9) (22.5) (32.3)

* Baseline

Small car: Ford Escort

Compact car: Chevrolet Citation

Large car: Chevrolet Impala/Caprice

Source: SAE Paper 800803
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In the near term, competition between plastics and HSLA will be intense, and

cost considerations will dictate the specific winner in the absence of

regulatory forces. According to Dr. Peter Beardmore l, most plastic

composites are more expensive than steel in high volume applications, but can

be competitive in low volume specialty applications. The situation is

changing rapidly as plastic structural component manufacturing technology and

the materials evolve to become more manufacturable and meet consistency

requirements. In 1989, few plastics for exterior panels were in use in the

car market with the sole exception of the Chevrolet Corvette. Typically,

plastics are currently being used in limited applications such as front

fascias and spoilers, with fender applications only in the Cadillac. Of

course, plastics are widely used for interior applications such as the

dashboard and door moldings. Plastic components are not yet used for any

structural (load bearing) parts.

Material substitution is likely to accelerate in pace in the post-1991

timeframe. The major materials considered for substitution are:

• High strength low alloy steel (HSLA)

• Reinforced Injection Molded (RIM) Plastic Components

• Sheet-Molding Compound (SMC) for body panels with Glass Fiber
Reinforced Plastic

• Aluminum

• Graphite Fiber Reinforced Plastics (GRP)

• Advanced Composites

Other materials such as zinc and magnesium also will be used, but in lesser

quantities. Costs associated with these materials vary by the particular

requirement for the component, e.g., stiffness, bending strength, formability.

In general, KSLA is the lowest cost increment and is compatible with tooling

equipment used for plain carbon steel. Plastics 6RIM and SMC) also are fairly

low in cost but require new manufacturing and finishing techniques. Aluminum

represents a fairly high cost option but also is capable of producing large
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reductions in weight. GRP and advanced composites represent the highest cost

option and produce the greatest weight savings.

DOT and GM had published some detailed studies in the early 1980's on the

weight benefits and costs of using increased amounts of plastics and high-

strength low alloy steels in the designs. The studies are still relevant

largely because of the pace of material substitution slowed in the mid and

late 1980's. The price of glass-fiber SMC has dropped since the time these

papers were completed from $1.20/Ib to $0.80 - 0.90/Ib in 1990, while sheet

steel prices have climbed by 15 to 20 percent in absolute terms over the same

period.

GM researchers 2/ found that, at $1.20/Ib, the cost per pound saved using SMC

body panels over a range of applications, was $0.30/Ib saved. They also found

a very similar cost penalty for aluminum. In recent times, the cost of

penalty of glass SMC designs have ranged from near zero to $0.20/Ib saved,

while aluminum has increased to $0.40/ib saved. (These figures were derived

by scaling the GM estimates based on 1989/90 prices for materials). The fact

that SMC is being used in some vehicles is proof of its cost-effectiveness.

The Department of Transportation (DOT) has performed detailed studies 2 of

weight reductions possible in 3 different size classes of cars for four

cases--HSLA dominant, Reinforced Plastics dominant, Aluminum dominant, and GRP

dominant. The resulting weight reductions are detailed in Table 3-2.

Although no one case will be representative of any manufacturer's strategy,

EEA believes that the lowest cost materials will be used first in the 1990-

2000 timeframe. This indicates that the most likely weight range will like

near those predicted for the HSLA and Reinforced Plastics cases. In the post-

2000 period, Aluminum and GRP may be used in specific components if the costs

can be justified in fuel savings. Researchers from ALCOA e/ found even large

wight reduction potential with aluminum. They reported that an X-body car

could have weight reduced from its 2700 ibs (in 1982) to 1550 Ibs with an

aluminum intensive design.
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The DOT weight savings estimates includes all of the secondary weight benefits

associated with material substitution. For example, as the weight of the body

structure is reduced, a smaller engine is required, and the suspension and

tires can be reduced in weight also. The DOT study used historical data to

compute secondary weight reductions 3, but many feel that their estimates are

too optimistic to be realized in produculon as it does not account for the

need to maintain ride quality, or the inability of drlvetrain engineers to

adjust drivetraln parameters to account for all primary weight changes. Table

8-2 indicates that a 15 percent weight reduction is possible in the near term,

but the industry consensus appears to be closer to I0 percent. VW 4 has

published estimates for their Golf vehicle (which is representative of most

modern FkrD subcompact/compact cars) and concluded that a i0 percent weight

reduction was both possible and likely by 2000. Another confirmation comes

from the Automotive Material Conference held in December 1989 where Donald

Smith, professor at the University of Michigan and a panel composed of

specialists in the industry projected 5 weight reduction potential in excess

of 225 ib through material substitution. William Risk, president of

Autopolymer Design Inc. reported that existing product programs would increase

plastics use from 220 ib in 1988 to 360 Ibs by the mid-1990's. In contrast,

the ALCOA 6 study seems to indicate reductions to levels not supported by

other work.

More recently, detailed analysis for the potential for weight re_,_ction using

aluminum in select parts was provided by Mazda. 7 The analysis classified

aluminum substitution into 4 categories.

• Parts common to all models

• Parts used in some specific models

• Parts in limited sports models

• Potential future use of aluminum

The analysis was done for the Mazda Familia (Protoge in U.S.) with a 1.5 L

engine. The base model weights 2100 ibs curb weight (950 kg). As shown in

Table 3-3, weight reduction from parts in the first three categories was
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TABLE 3-3

WEIGHT REDUCTION POTENTIAL

FOR MAZDA FAMILIA THROUGH ALUMINUM USE

_. k _• Common Parts for All Models _t, Reduction ( _.

4 pistons 0.3

Cylinder head 7.2
Intake manifold 2.2

8-rocker arms 0.38

Timing chain cover 0.9

Oil, fuel, water pump 2.05

EGR/Lead valve 0.35

Alternator/starter body 1.0

Transmission Case/Clutch housing 7.1
Miscellaneous 0.52

Steering gear housing 0,5
Wiper motor/arm 0.45

Cylinder head cover 1.50

2 wheel brake cylinders 0.i0
_

Tonal 6_

• Parrs used in specific models

Radiator 1.2

Cylinder block 14.0
Crank Shaft 5.0

4 Wheels 22.4

Shift fork 0.3

Brake master cylinder 0.6

Engine mount 0.5
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TABLE 3-3

WEIGHT REDUCTION POTENTIAL

FOR MAZDA FAMILIA THROUGH ALUMINUM

(Continued)

• Parts for use in limited sports models

Clutch pedal 0.35

Disc caliper 3.50

Lower suspension arm (x2) 2.80
Hood 8.0

Brake pedal 0.5

Jack/spare wheel 5.5
Grill 0.4

Disc brake covers 0.4

Valve springs 0.05

Heat insulator 1.5
Total 23,_

• Potential for future use

Suspension lateral links, rear 1.3

lateral links, front 1.3

trailing links 1.8

Steering knuckles 3.5

Engine mount member 5.0
cross member 6.0

Fenders (x2) 8.0

Total 26.9
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estimated to be 94 kg, approximately I0 percent of total car weight. Other

than weight reduction the use of aluminum serves other function. It's use in

pistons, cylinder head and intake manifeld improves thermal conductivity,

reducing octane requirements. It can serve a decorative purpose, when used

for wheels or cylinder head covers. Its use in castings such as the

transmission case improves productivity. Hence, a cost for weight reduction

alone understates the cost-effectiveness of aluminum.

Hence, EEA has projected a i0 percent weight reduction potential for all cars

in the 1990-2001 timeframe, equivalent to an average weight reduction of close

to 300 ibs.
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4. IMPROVEMENTS IN AERODYNAMICS

4.1 ENGINEERING DESCRIPTION

Aerodynamic drag is a resistance force on a moving car's surface areas caused

by wind intensity and direction. Aerodynamic drag is a function of a car's

frontal area and body shape. The drag coefficient is a measure of the

streamlining of the car body. The higher the coefficient, the greater the

drag; the larger a car's frontal area, the higher the drag. Drag-related

power requirements are a cubic function of a car's speed through the air.

Drag has a minimal effect at low speeds and a strong impact at high speeds, so

that reduction in drag affects highway fuel economy much more than city fuel

economy.

Aerodynamic drag cannot be reduced without affecting the styling

characteristics of the automobile. Since drag depends on body shape and

frontal area, a change in drag characteristics can impact the vehicle's

interior volume and its utility to the consumer. For example the drag force

could be significantly reduced by narrowing the car width to accommodate two

people per seat instead of three. However, this would affect the car's

carrying capacity. Streamlining of the vehicle's shape is subject to these

limitations, as well as public acceptance of highly aerodynamic shapes.

Since aerodynamic drag is so inextricably related to vehicle design, it is not

feasible to distinguish the application of improved aerodynamics from styling

in current vehicles. There is no question that greater attention is being

paid to the vehicle's drag coefficient, but this has always been compromised

by styling requirements as discussed below.

The measured of drag co-efficient can be influenced by the measurement as well

as is the design of the wind tunnel itself, and some researchers believe that

automanufacturer claims for several models may be based on different
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measurement methods. Nevertheless, the only sources of data on vehicle drag

co-efficients (or CD) are from the manufacturers themselves. Table 4-1 shows

the drag co-efficients of several domestic used imported cars in 1988. Data

on the CD of some vehicles especially those with high drag co-efficients) are

unavailable. From publicly available data on most cars, in combination with

some unofficial estimates for vehicles where data is unavailable, EEA

estimates that the average CD in 1988 was in the 0.37 - 0.39 range.

4.2 DRAG REDUCTION POTENTIAL

Since 1986, several vehicles with low drag co-efficients have been introduced.

The first aerodynamic U.S. domestic car was Ford's Taurus/Sable with drag

coefficients of 0.33, and several other cars have followed suit. GM's Olds

Cutlass Supreme for 1989 boasts a Co of below 0.30, and some recent (1990) GM

models have CD values in the 0.31 range. The most aerodynamic cars sold in

the U.S. in 1990 are the Lexus LS400 and the Subaru XT. In Europe, the most

aerodynamic car sold in the Opel Calibra with a CD of 0.26.

Analysis of product plans of the manufacturers show thau most new models will

emphasize aerodynamics, while some luxury vehicles may still retain the

"formal" look that leads to high CD. Nevertheless, by 1995, it appears that

the average CD will be 0.33 - 0.34 corresponding to a i0 percent reduction in

drag with reference to the 1988 average. (Some models like the Taurus will

see no reduction at all, while other like the Crown Victoria will experience a

20-25 percent reduction). Given that there are some cars already available

with drag coefficients of 0.29, it appears reasonable to project that the 2001

fleet average will be i0 percent lower than 1995's with a CD of 0.29 - 0.30.

These levels of drag reduction are not expected to alter vehicle attributes

significantly. I No reduction in frontal area is forecast for either time-

frame, in keeping with the analytical requirements of constant interior

volume.

It should be noted that the reduction of drag co-efficient must be accompanied

by other changes to match the drivetrain to the reduced horsepower demand. If
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TABLE 4-1

DRAG CO-EFFICIENTS FOR SELECTED 1988 VEHICLES

DOMESTIC CARS

Frontal Area Frontal Area

Mak____ee Best Model Cd (sq. ft.) Worst Model Cd (sq. ft.)

AMC/Renault Medallion 4-dr. 0.34 21.2 Alliance 4-dr. 0.39 20 5

Chrysler LeBaron Coupe 0.35 20.8 Fifth Avenue 0.48 23 7

Plymouth N.A. N.A. N.A. Horizon 0.42 20 3

Dodge Daytona Shelby Z 0.35 20.7 Omni 0.42 20 3

Ford Taurus 0.33 22.7 Crown Victoria 0.50 24 4

Lincoln-Mercury Sable 0.32 22.7 Grand Marquis 0.50 24 4

Buick Riviera 0.37 22.3 Regal 0.46 24 5

Cadillac Allante* 0.34 22.3 Brougham 0.46 24 5

Chevrolet Camaro Z-28 0.33 21.4 Caprice 0.45 24 8

Oldsmobile Calais 2-dr. 0.37 20.7 Customer Cruiser Wagon 0.45 27 4

Pontiac Trans-Am'" 0.35 21.4 Safari Station Wagon 0.45 27 4

NOTES" " With hardtop "" With aero package.

IMPORT CARS

Acura Legend 0.32 21.85 Integra 0.34 20.0

Alfa Romeo Milano 0.37 20.0 Spider 0_40 18.0

Audi 5000S 0.32 22.0 4000CS Quattro 0.42 20.8

Austin Rover Sterling 0.33 21.2 N.A. N.A. N.A.



TABLE 4-1 (Continued)

DRAG CO-EFFICIENTS FOR SELECTED 1988 VEHICLES

IMPORT CARS

Frontal Area Frontal Area

Make Best Model Cd (so. ft.) Worst Model Cd (s0: ft.)

BMW 7351 0.32 N.A. N.A. N.A. N.A.

Honda CRX 0.32 18.5 Civic Sedan, Wagon 0.39 20.1"

Accord Sedan 20.5 4wd Wagon 21.9"

Hyundai Excel 0.36 N.A. -.....

Jaguar XJ-6 0.37 21.3 XJ-S Cabriolet 0.41 20.1

Mazda RX-7 0.29 N.A. 323 Sedan 0.38 N.A.

Mercedes-Benz 260 & 300E 0.31 22.4 560SL 0.43 20.2

Mitsubishi Cordia 0.33 18.7 Mirage 2-dr. 0.39 19.2!

Nissan 300-ZX 0.31 19.6 Maxima Wagon 0.39 20.1

Porsche 924S, 944 Turbo 0.33 N.A. 911 Carerra Turbo, 928S 0.39 N.A.

Saab 9000 0.34 22.0 900 0.41 21.0

Subaru XT Coupe 0.29 19.7 Station Wagon 0.38 20.6

Toyota Cellca GT-S 0.34 19.0 Van 0.39 N.A.

Volkswagen Golf GT, GTI, Jetta 0.36 20.4 Cabriolet, Fox 0.46 19.7

Volvo 760 GLE'* 0.37 23.1 ......

NOTES: * Depending on model ** 1983 European model

This chart lists each auto manufacturer's most aerodynamic and least aerodynamic models, their coefficients of

drag (Cd) and frontal areas. All figures are based on manufacturers' claims. In some cases, vehicle frontal
areas are not available (N.A.)

SOURCE: Automotive News.



only the drag co-efficient is changed, the load on the engine is reduced.

While overall fuel consumption will be reduced, operating at a lower load

factor will increase bsfc. 2 To compensate, the engine speed must be reduced

by reducing the N/V ratio in top gear. As a result, the engine RPM is lowered

so that the new operating point has at least the bsfc of the original pre drag

reduction operating point. It is also possible to actually improve the bsfc

since at the same speed, the engine will be running at lower RPM, decreasing

frictional loss. This effect is captured in EEA's analysis as the overdrive

gear effect (please see section 7).

The cost of aerodynamic improvements are associated primarily with the

expenses related to research the body styling and trim details to lower the

drag coefficient. The essential inseparability of aerodynamic drag co-

efficients and styling requlrementsmake it difficult to allocate precise

"costs" to drag reduction. At CD levels of 0.33-0.34, there are no signifi-

cant variable costs associated with drag reduction. At lower levels of CD (in

the 0.30 range), manufacturing costs increase because of the need to maintain

better role _ noes for body parts and improved fit and finish quality. (The

use of a c_vered underbody is not expected to be necessary to meet the 0.29-

0.30 target). Flush windows also impose some variable cost penalties.

However, these quality of fit-and-finish improvements are also required to be

competitive in the current marketplace, so that it is difficult to allocate

costs to aerodynamic drag reduction alone.

4-5



REFERENCES FOR SECTION 4

i. Buchheim, R., et al., "The Control of Aerodynamic Parameters Influencing
Vehicle Dynamics," SAE Paper No. 850279.

!
2. Jansen, L.H. and Emmelmann, H.J., "Aerodynamic Improvements - A Great

Potential for Better Fuel Economy," SAE Paper 780267.

4-6



5. TIRES, LUBRICANTS AND ACCESSORIES

Small gains in fuel economy can be attributed to"

® Decreases in the rolling resistance coefficients of tires

• Decreased viscous and frictional losses due to the use of

advanced lubricants

• Reductions in power losses in accessory drives.

5.1 TIRES

The use of radial tires has spread across the entire new car fleet. However,

radial tires of more advanced designs manufactured from rubber compounds with

lower hysterisis losses can reduce the rolling resistance of all tires. In a

study reported in 1981, researchers from the EPA I found that fiberglass

belted tires had 5 percent lower rolling resistance than steel belted tires,

and that "all season" treads have 5.6% higher rolling resistance than conven-

tional treads. Studies on tire inflation pressure by B.F. Goodrich 2 showed

that rolling resistance continues to decrease to inflation pressures of up to

40 psi, but is not affected above that pressure. However, it is also well

._ known that tire performance is a complex function of design variables, and

that handling characteristics and traction and often adversely affected by the

design factors that decrease rolling resistance. 3

No detailed data on current tire rolling resistance coefficients (CR) are

available publicly, but tire companies suggest that the average CR is around

0.012. In recent years, there has been a tread towards high performance tires

of low aspect ratio, that have had impacted rolling resistance unfavorably for

fuel economy. However, EEA contacts with tire companies' staff 4 indicate

that rolling resistance will decline by i0 percent over the next decade on a

"same tire" basis but the trend towards higher performance tires will negate

half the benefit. Hence, a total of reduction of 5 percent in rolling

resistance is forecast over the next decade through:
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• improved tread and shoulder design

• use of different hig. performance belt materials, such as
aramid fiber

• improved rubber compounds

Tire industry publications and material suppliers have provided data on

potential changes possible to rolling resistance while maintaining handling

and traction properties. DuPont 5 has performed studies on aramid yarn tire

reinforcements (belts). Aramid fibers have much higher specific strength in

comparison to steel or glass. Tests have shown aramid reinforced tires'

rolling resistance was 9 percent less than steel belted tires. Aramide yarn

for belt material can also save 4 to 5 ibs of weight per tire.

More recently, Goodyear 6 introduced a new tire called the Invicta GFE, a steel

belted tire with new polymer-rubber components. Goodyear has claimed 20

percent lower rolling resistance for the Invicta GFE over "comparable

aftermarket tires" although no specifics were provided in publicly available

data on the exact nature of the comparison. The fuel economy impact was

estimated at 4 percent, consistent with the 20 percent rolling resistance

reduction estimate,

5.2 LUBRIGA_ITS

Synthetic axle and engine lubricants have been available for several years, 7

but have not found wide acceptance because of the substantial cost premium for

small fuel economy benefits. 8 It is unlikely that the situation will change

over the next decade, and their benefits are not likely to be seen in the

fleet. However, 5W-30 oil has recently come into use in some U.S. vehicles as

a factory fill oil, and automanufacturer submissions to DOT have claimed a 0.5

percent fuel economy benefit, on average, by replacing lOW-30 with 5W-30 oil.

There may be other small benefits associated with improved axle and

differential lubricants, but these benefits may be only in the 0.i to 0.2

percent range.
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5.3 ACCESSORIES

Accessory drives absorb power from the engine and their influence is inversely

related to engine size. In cars, the cooling fan, water pump, alternator,

power steering pump, and air conditioner (when used) can account for a major

(15 percent) penalty in fuel consumption. Efficiency improvements in all of

these accessories and conversion to thermostatically operated electronic

cooling fans can provide up to a 3 percent improvements in fuel economy. All

of these improvements have been already incorporated during the 1980-1990 time

period.

An additional 0.5 percent improvement in fuel economy is possible through

redesign of the drives and improvements in fan blades coupled with reduced

heat rejection from the engine (which may be necessary for meeting exhaust

emissions standards). These improvements will be phased in during the 1990-

2000 period. Costs for such improvements (except the electric fan) are small,

typically amounting to about $I0.00 per vehicle.

The variable speed accessory drive has been researched extensively by DOE. 9

However, their cost-effectiveness is poor if the vehicle features an electric

fan as all FWD vehicles do. Ford was ready to introduce such a drive in the

mid-1980's but canceled the introduction due to durability problems, and

difficulty in matching the alternator load requirements under some conditions.

As a result, EEA does not foresee the use of these devices in the next decade.

The power steering pump absorbs a significant fraction of accessory energy,

especially at low speeds. An electric power steering system has been

developed and recently commercialized. Due to electrical power requirements,

it may be best suited for small cars. The electric power steering system has

been recently displayed in Japan, by Honda.

Honda researchers I° provided data on the NSX sports car equipped with an

electric power steering. The system was tested on the Japanese test cycle as

well as the U.S. cycle, and displayed fuel economy benefits (see Table 5-1) is
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TABLE 5-i

COMPARISON OF ELECTRIC TO HYDRAULIC

POWER STEEEING ON ACURA NSX

Test Cycle Electric _ Z FE B_,nefit

lO-mode 7.32 km/l 7.14 km/l 2.52

60 km/hr 14.48 km/l 14.17 km/l 2.19

LA-4 20.51 MPG 20.01 MPG 2.50

Highway 28.88 MPG 28.17 MPG 2.52

Source: JSAE Paper No. 91102.
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the 2.2 to 2.5% over all cycles. Honda suggested that the benefits were even

larger on small cars where the power steering pump absorbed a greater fraction

of total output. Other manufacturers contests these large values, although no

data is available. EEA has selected 2 percent benefit is a compromise in the

absence of other information.
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6. SPARK IGNITION ENGINE TECHNOLOGY

6.1 OVERVIEW

The spark ignition (SI) piston engine is expected to be the dominant form of

motive power in the next decade. Although the S.I. engine has been in

existence for a i00 years, steady and continuous improvements are being made.

As noted in Section 2, the areas where technical improvements are possible can

be grouped into:

• Increased thermodynamic efficiency

• Decreased pumping loss

• Decreased mechanical friction loss

Any new type of =ngine incorporates improvements in all three areas. We have

discussed specific engine types and specific component changes that may cause

improvements in any or all of the three areas.

Prior to 1980, Ford was the only manufacturer that offered even one overhead

cam engine among the domestics, and all other domestically manufactured

engines were of the overhead valve (OHV) type. All domestic pre-1980 engines

were carburetted with the sole exception of the Cadillac 350 CID V-8 offered

in the Eldorado and Seville. OHV engines still continue to dominate the

domestic car fleet in 1988, although most engines are now fuel injected. As a

reference, the 1988 carburetted OHV engine serves as a baseline for comparison.

of OHC and 4-valve engines. Detailed data on the few remaining engines of

this type showed that they typically produced 32-35 BHP/litre, and 67-70 N-

m/litre of torque. The categories of engines now in the marketplace are as

follows.

Advanced OHV Englnes are a recent phenomenon as domestic car manufacturers

have updated older engines with new "fast-burn" heads, improved piston and

ring designs, better manufacturing tolerances of the cylinder bore, noise
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reduction and improved airflow. The engine block retains the same basic

dimensions of the older OHV designs. Such engines have outputs of 42-45

BHP/litre and torque ratings of 74-76 N-m/litre.

Overhead Cam Engines of older designs are roughly equivalents in specific

output and specific torque to the advanced pushrod engines. These older

designs are represented by the Chrysler 2.2/2.5 litre 4 cylinder engines

designed I0 years ago and the Ford 2.3L that dates from the early 1970's but

has been updated since. More modern OHC engine have specific outputs of 50-54

HP/L and torque of 80-82 N-m/L. High performance OHC engines have increased

specific outputs of 60-63 BHP/L with only slight reduction in torque.

However, both the torque peak and HP peak are realized at much higher RPM.

4-v_Ive engines are only of the overhead cam type, some featuring single

overhead cam (SOHC) while others have double overhead cams (DOHC). The four

valves permit improved breathing and a more compact combustion chamber with a

central spark plug that allows for higher compression ratios (CR). Typically

4-valve engines can have a CR of i0.0 without being knock limited while most

OHV/OHC engines have CR's of 8.8 to 9.2. The specific output of a modern 4-

valve engine optimized for fuel economy is 60 to 65 BHP/L with torque of 88-90

N-m/l. If optimized for high end performance, the maximum torque decreases

only slightly but maximum output increases to 75-80 BHP/L, with peak torque

RPM and peak horsepower RPM increasing significantly. A summary of engine

classifications is provided in Table 6-1.

Fuel £n_ectlon can also improve the specific output of engines. The simpler

throttle-body (or single-point) injection provides only modest gains in

specific output as it does not allow a redesign of the intake manifold to

maximize airflow. Multi-point fuel injection offers the benefit of being

adaptable to tuned intake manifolds and more accurate fuel delivery that is

matched to requirements of the engine during transients. Throttle-body and

multipoint fuel injection are widely used in the 1988 fleet, and carburetors
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TABLE 6-1

ENGINE CLASSIFICATION

Specific Power Specific Torque

Class Valves/cyl (HP/L) (N-m/L) Examples

OHV 2 30-35 67-70 Ford 302 V-8

(old design)

Advanced OHV 2 44-46 74-76 Ford 181V-6

and OHC GM 3300/3800 V-6

Modern OHC 2 50-54 80-82 Most Japanese

engines

Modern OHC 2 58-60 78-80 Mercedes 3 litre,

(High performance) BMW 3.5 litre I-6

Modern 4-valve 4 62-65 90-92 GM Quad-4

Modern4-valve 4 70-75 88-90 Ford/Yamaha
(High performance) 3L V-6
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were restricted to just one engine family for Chrysler and GM (in the 318 V-8

and the 307 V-8 respectively) in 1988. All Ford engines were fuel injected.

Variable Valve TiminR can provide reduction of pumping loss by closing the

intake and potentially, the exhaust valves, depending on the speed and load.

Valve timing is known to have favorable effects on engine output across the

RPM range, because the current system of fixed valve timing is largely a

compromise for the range of load and speed conditions encountered. The

problem has always been the lack of good mechanisms to vary valve timing.

Most schemes have proved unreliable mechanically and/or caused such large

increases in mechanical friction that the pumping loss benefits were

overwhelmed. More recently, a simple mechanism suitable for DOHC engines that

changes the timing of intake valves, but not lift or duration has been

commercialized by Nissan and Mercedes. In 1990, Honda introduced a more

sophisticated system that varies timing, lift and duration between two fixed

sets of values, one for low speed and the other for high speed.

EnRine mechanical friction reduction is an ongoing effort and evolutionary

improvements in friction are being realized constantly. The level of friction

in an engine is characterized in normalized terms as friction mean effective

pressure (fmep). A typical advanced OHV or OHC engine has a brake mean

effective pressure at wide open throttle of 930 kPa (135 psi), while the fmep

is 170 KPa. Major components contributing to friction are piston/rings,

valvetrains, crankshaft/seals and oil pump, in order of importance. Consider-

able work has gone into designs of these components to reduce friction.

Friction reduction is usually incorporated into modern engine designs.

The specific fuel economy benefits associated with engine design type and

through fuel injection, and friction reduction are documented below. The

overhead valve engine is used as a comparison baseline.
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6.2 OVERHEAD CAM ENGINES

As noted, overhead cam engines can have valve timing adjusted to provide up to

60 BHP/L in high performance applications. In the more common application

where fuel economy is important, discussions with manufacturers and current

design practice suggest that 50-52 BHP/L is the optimal range. Figure 6-i

shows the actual 1988 averages for OHV, domestic OHC, import OHC and 4 valve

engine specific outputs. The domestic OHV output figures aggregate the two

sub-classes of advanced OHV and old OHV. If the import OHC average is used as

a representative figure (since they are more modern designs than domestic OHC

engines) for the specific output, it coincides with the general comments

obtained from manufacturers. Figure 6-2 shows the specif_.c torque ratings for

1988 engines. I= appears that modern OHC designs offer an 7.9 percent benefit

over the average OHV engines. The more appropriate comparison is against the

advanced OHV engine, where the torque benefit is 6 percent.

In the EEA analysis of fuel economy potential, the case considered is an

advanced OHV engine of 44 BHP/L being replaced with an OHC engine of 52 BHP/L

output. Torque will increase 6.6 percent from 75 N-m/L to 80 N-m/L. To main-

tain constant performance, the OHC engine is assumed to be downsized by 8 to

lO percent. Peak horsepower will increase a 6 to 8 percent but peak torque

will decrease by 2 to 4 percent and low end torque by 5 to 7 percent. In

order to compensate for the low end torque loss, axle ratio must be increased

by 5 percent. This maintains the same "launch feel" and top gear

gradeability.

The OHC engine has a more rigid valve train, which allows reduced valve spring

tension, as well as higher valve accelerations, relative to an OHV engine.

This results in reduced engine friction, improved combustion and reduction in

pumping loss. Ford I/ has estimated the net benefits of OHC engines over OHV

(2-valve) engines at constant displacement to be 1%. At constant performance,

the net benefit is calculated by EEA as follows:
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OHC to OHV benefit +1%

8 to i0 percent CID reduction +3.0 to +3,8%

5 _o 7 percent axle ratio increase -I.I to -1.3%

Total benefit +2.9 to +3.5%

Ford I/ has used slightly different factors in their assessment of the effect

of displacement decrease and axle ratio increase, but has arrived at a similar

net benefits estimate of 3.5 percent.

6.3 4-VALVE ENGINES

The calculation of DOHC 4-valve engine benefit is similar conceptually to that

of the OHC engine to OHV engine benefit calculation shown above. It can be

shown from actual 1988 data that a 4-valve engine of modern design is capable

of producing 90 N-m of torque per liter and 60 to 65 BHP per liter of specific

output. These values represent a i0 percent Increase in torque and a 20

percent increase in peak power over an OHC 2-valve design.

The 4-valve engine has other features that impact fuel economy. First, the

increased number of valves (4 vs. 2) causes some increase in valve train

friction. The friction is not doubled because each valve is much smaller and

lighter, and the valve spring tension is lower. Second, the A-valve engine

allows a better combustion chamber design, with a central spark plug. For

maximum fuel efficiency, Toyota z! has developed a compact combustion chamber

with a narrow included angles between intake and exhaust valves. Higher

performance designs sacrifice this feature to maximize airflow and feature a

large included angle between intake and exhaust valves. Third, the central

spark plug location and improved airflow characteristics allow the use of

higher compression ratios. Many currently available 4-valve engines such as

the GM Quad-4 and the Infiniti 2 liter already utilize a compression ratio of

i0:i which is one point higher than the ratios used in current OHC and Oh_

engines.

6-8



The constant performance comparison between OHC/2 valve and DOHC/4-valve

requires that the 4-valve engine be i0 percent smaller than the 2-valve

engine. Peak torque is constant while peak horsepower increases by I0 percent

in this comparison. However, low-end torque (at 1500 RPM) is reduced in this

comparison and axle ratio must be raised to preserve launch from rest. The

components of the fuel economy benefit estimate are as follows:

I0 percent CID decrease + 3.8%

5 percent axle ratio increase - 1.1%

Increase thermodynamic efficiency + 2.5%

Increase valve-train friction - 0.5%

Decreased aerodynamic friction + 0___5%

Net benefit + 5__2%

In submissions to the OTA, Toyota 3/ has suggested a 5.0 percent benefit for

the 4-valve engine, consistent with the above estimate.

GM has provided 4/ a very detailed comparison between two engines of near equal

performance, in this case the advanced OHV 2.8 litre V-6 rated at 130 HP and

the DOHC 4-valve 2.3 L (Quad 4) engine. Both engines were offered in 1988 in

the same car (Pontiac Grand Am) with the same transmission and axle ratio.

Both engines also employed multipoint fuel injection, although the inlet

manifold in the Quad 4 is more highly tuned. (Note that the EEA computations

allow an increase in axle ratio to preserve low speed acceleration). In this

case, the comparison is between a V-6 are a 4-cylinder engine which allows a

further reduction in engine friction (see Section 6.4). The power and torque

curves of the two engines are shown in Figure 6-3.

The 2.8L V-6 engine provided a fuel economy of 26.3 MPG composite while the

Quad 4 was rated at 32.2 MPG composite, a total increase of 22.4 percent. The

GM detailed analysis allowed a breakout of the individual contributions

associated with displacement reduction, improved thermodynamic efficiency and

reduced friction. GM's estimates are compared to the EEA standardized

estimates below:
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GM Estimate EEA

F/E Benefit F/E Benefit

Displacement reduction 12.0% 7.6%

Compression Ratio 2.2% 2.5%

Compact Chamber Design 2.4%

4 vs. 6 cylinder Friction 2.4% 3.0%

OHV vs. Pushrods 2.4% 1.0%
k

Other 0.8 3__0"

TOTAL 22__4

The EEA estimate agrees with GM's in the total friction benefit but appears to

significantly ungerstate the benefit of displacement reduction and combustion

chamber design improvement. This may be partially due to the fact that 2.8L

V-6 is not one of GM's most efficient designs, but it clearly shows that the

EEA estimates are conservative. In addition, the EEA estimate allows for an

axle ratio increase by i0 percent for the particular case examined by GM (5

percent for OHV to OHC/2V and another 5 percent for OHC/2V to OHC/4V), and it

is noted that actual cars on sale do not necessarily follow this practice, as

illustrated by GM's N-car. However, this is not a true constant performance

comparison.

In EEA's comparison, the OHV 2.8L V-6 with a 2.84 axle and three speed

automatic transmission can be _eplaced on OHC 2.5L V-6 with a 2.98 axle ratio,

or DOHC 4-valve 2.3L engine with a 3.13 axle ratio. At 2000 RPM, it can be

seen from Figure 6-3 that the Quad 4 provides 10 percent lower torque, which

is exactly offset by the i0 percent axle increase ratio.

* EEA's estimate of friction reduction from more modern design, plus the
effect of tuned inlet manifold.
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6.4 FUEL INJECTION

There are two types of fuel injection (FI) - single point (or throttle-body)

injection (SPI) and multipoint fuel injection (MPI). SPI is used in all

naturally aspirated 4-cylinder engines made by GM and Chrysler, as well as in

a few low cost Japanese models and the Ford Escort in 1988. Most o=her

vehicles use MPI. Carburetors are used in entry level Japanese models and

Korean models in 1988, as well as in 2 old design V-8 engines among the

domestic models.

The benefit of SPI over the carburetor has been documented in several submis-

sions by the manufacturers to DOT in the early 1980's. A significant part of

the gain in fuel economy is associated with the ability to eliminate the air

pump required by carbureted vehicles to meet the emission standards. The air

pump absorbs power from the engine and rais _ exhaust back pressure. It's

elimination can result in a fuel economy benefit of 2 percent. In addition,

the SPI system results in reduced cold start enrichment requirements and less

acceleration enrichment due to improved fuel atomization. These effects

provide another I percent benefit, for a total of 3 percent. Many carburetted

vehicles used pulse-air systems, so that their conversion to SPI did not

include the benefit associated with air pump elimination, but did provide a

modest back pressure decrease. For such vehicles, EtA has estimated a total

benefit of 1.5 percent due to SPI largely from paired comparisons of 1984-1986

vehicles when conversion to SPI was the only change between otherwise ident-

ical vehicles in that time frame.

Hultipoint fuel injection places the fuel injectors close to the intake valves

of the engines, allowing very precise delivery of fuel to each cylinder. This

results in further decreases to cold start enrichment and acceleration enrich-

ment, and significantly improved control of fuel delivery during deceleration.

These factors provide a 1.2 to 1.5 percent fuel economy gain, based on data

provided by the manufacturers. However, MPI also allows the use of a tuned

intake manifold optimized for airflow. Such a manifold can provide a signifi-

cant benefit to maximum torque. Torque benefits are available even withuut a
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tuned manifold since no intake air heating is required to vaporize fuel, and a

colder denser air change increase the engine output. Regression analysis of

1988 engines showed the following benefits for MPI in specific output and

specific torque relative to SPI, controlling for compression ratio:

BHP/L N-_

OHC 9.3% 2%

OEV 9.3% 3.4%

The OHC comparison is biased by the fact that more high performance engines

(tuned for maximum BHP) utilize MPI rather than SPI. As a result, MPI shows a

very significant rise in peak output of nearly i0 percent but only a 2 percent

increase in torque. A more controlled comparison shows that MPI can provide a

3 percent increase in torque and a 6 percent increase in output. For a

constant performance comparison, axle ratio must be reduced by 3 percent

relative to an SPI engine of the same displacement.

Complete shutoff of fuel during deceleration is also possible with MPI. Some

manufacturers believe that deceleration fuel shutoff causes unacceptable

driveability, but it is used by others. Deceleration fuel shutoff can provide

a one percent benefit in fuel economy. Accordingly, the total benefit of MPI

over SPI is as follows:

Reduced cold-start and acceleration enrichment 1.20 to 1.50%

Decrease axle ratio by 2 to 3 percent 0.44 to 0.67%

Deceleration fuel shutoff 1,00 to 1.20%

Total 2.64 to 3.37%

EEA utilizes a 3 percent benefit estimate as an average. In 1986, when GM

converted their 2.8L V-6 from a carburetted fuel system to a multipoint fuel

injection system, they publicly claimed 5/ a benefit of 7 percent in fuel

economy. This is in good agreement with the 3+3 percent (6%) estimated by

EEA.
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6.5 ENGINE FRICTION REDUCTION

Engine friction reduction is an ongoing effort and is made possible by

evolutionary improvements to all parts in the engine that contribute to

friction. At an engine speed of 3000 RPM, the major components accounting for

total frictional losses are pistons/rings, valve train, crankshaft and oil

pump, in that order. While the friction losses of most components increase

non-linearly with engine RPM, valve train friction actually declines slightly

in absolute terms and significantly as a percentage of total friction.

Because of its larger contribution to total friction at low speeds, valve

train friction reduction provides large benefits on the test cycle where

engine speeds are typically in the 1000-2000 RPM range. _oller cam followers

provide very significant reduction in friction, and most domestic OHV engines

have (by 1990) utilized this technology. Detailed analysis by DOT and

manufacturer submissions to DOT show that the use of roller cam followers can

provide a 1.5 to 3 percent improvement in fuel economy. This confirms an

earlier (1982) analysis by Ford6/, that showed a 2.9 percent fuel economy

improvement due to roller cams at an engine speed of 1500 RPM. The use of

roller cams in OHC engines is more recent, and has been adopted by Chrysler

and Mitsubishi. Mitsubishi 7/ provided data on an OHC engine as shown in

Figure 6-4, an it is claimed that the EPA test cycle fuel economy benefit is

over 4 percent. Other manufacturers have suggested that the benefit is

sensitive to the base (non-roller) design, and a median benefit estimate of 2

percent has been adopted by ErA.

Piston redesign and decreases in ring tension and ring width contribute to a

reduction in friction. Ring tension reduction and redesign alone has contrib-

uted to a 1.5 percent increase in fuel economy in some engines already.

Improved piston designand lighter weight pistons have contributed to an

additional 0.5 percent. Typically, a 1988 4-cylinder engine has a friction

mean effective pressure of 12 to 13 psi at 1500 RPM. Piston and ring redesign

along with improvements such as:

6-14



Improvement in Fuel Consumption Due to
Needle Bearing Roller Type Rocker Arm

100 Km/h
c-
O

.,mid

=_ 80 Km/h

o _ 60 Km/h
qD H

!

40 Km/h

Idle

Japan
10 Mode Cycle

I I I I I I J I i

0% 1% 2% 3% 4% 5% 6% 7% 8% 9%
Improvement in Fuel Consumption

SOURCE: Mitsubishi



• lightweight valves

• titanium valve springs

• composite lightweight connecting rod

• use of 2 rings instead of three

• half-speed oil pump

• low friction crankshaft seals

will all contribute to a 20 percent reduction in friction by 2001 (of course,

individual engines may have larger or smaller reductions). A special low

friction engine constructed by Ford 8/ recorded a 4.3 psi reduction in friction

even without a 2-ring piston, with a claimed fuel economy benefit of 6.5%.

EEA forecasts a total benefit of 4 percent through improved design and an

additional 2 percent through the use of roller cam followers over the 1988-

2001 period, consistent with Ford's estimate.

A separate issue centers around the reduction in number of cylinders. As

engines of higher specific output and lower displacement are used, it would be

reasonable to assume that a reduction in the number of cylinders is both

feasible and likely. Consider a vehicle with an OHV 3.0L V-6 with an engine

output of 135 BHP and 225 N-m of torque. This can be replaced by an OHC V-6

of 2.7L displacement providing 140 BHP and 220 N-m of torque, or by DOHC/4V

engine of 2.4L displacemenn producing 149 BHP and 216 N-m of torque. The 2.4L

engine can either be a V-6 or an 1-4, and the 1-4 would have lower friction.

Based on friction data collected from different engines EEA estimated that the

friction benefit could be 14 to 15 percent, to provide a 3 percent benefit in

fuel economy.

Ford 9/ provided a detailed comparison of friction data for 2.3L engine in 4, 6

and 8-cylinder form. They also found that the larger bore of the 4-cylinder

results in some thermal efficiency improvement. A similar comparison for a

4.5L V-6 vs. a 4.5L V-8 was provided and the data are shown in Table 6-2. The

BSFC change for the smaller engine supports EEA's projections, but Ford
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TABLE 6-2

EFFECT OF NUMBEE OF CYLINDERS
ON FUEL ECONOMY

4-cylinder 6-cylinder 8-cylinder

2,3 Liter

Thermal Efficiency 0.366 0.363 0.358

Friction MEP (psi) 12.4 13.9 15.1

% Change in BSFC Base -3.2 -6.2

4.5 Liter

Thermal Efficiency -- 0.366 0.366

Friction MEP (psi) -- 11.5 12.5

% Change in BSFC -- Base -1.6

Source: Ford Motor Co.

(See text about Ford's comments on idle and lug speed capability.)
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claimed that the 4-cylinder would have higher idle and lug RPM levels than a

V-6, negating this 3 percent benefit. (The same effect was claimed for the V-

6 to V-8 comparison). EEA has examined available idle RPM data from 4 and 6

cylinder engines and found significantly smaller difference than claimed by

Ford. In addition, we found that the 4-cylinder engine typically weighs 40-50

ibs. less than V-6 of equal displacement, and Ford had not considered this

effect. Moreover, other automanufacturers do not subscribe to Ford's view.

Toyota and Nissan engineers have commented that V-6's are less efficient in a

comparison of 2L 4-cylinder and 6-cyllnder engines. As a resalt, EEA has

retained the 3 percent benefit estimate for reduction in number of cylinders.

It is clear that 4-cylinder has inferior vibration characteristics relative to

a V-6, and EEA recognizes that the fuel economy benefit does result in some

reduction to consumer attributes. However, we note that other technologies

for engine mounts may counteract this effect completely. The use of balance

shafts on four cylinder engines will, however, negate the benefits of

reduction in number of cylinders.

6.6 VARIABLE VALVE TIMING

Most spark ignition engines in cars used fixed valve timing and lift, i.e. the

valve timing does not change with speed or load, and is generally set to a

level that is a compromise between low seed torque and high RPM horsepower.

It has been long recognized that closing the intake valve early at light loads

would significantly reduce pumping loss, while variable valve timing could

enhance both low speed torque and high speed horsepower with no necessity to

compromise between the two.

While the maximum torque and horsepower potential from a given displacement

engine are of interest, the principal benefit to fuel economy from variable

valve timing is due to pumping loss reduction. At intermediate RPM, pumping
%

loss is only i0 percent of indicated power a wide open throttle, but is 50 to

60 percent of indicated power at light load. In an analysis of the potential

of early intake valve closing, Turtle I° found that there were also other

benefits to thermal efficiency due to lower cylinder temperatures, as well as
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increased turbulence in the combustion chamber. At light loads, a I0 percent

benefit to bsfc was found (about 8 percent due to pumping loss reduction and 2

percent due to improved thermal efficiency). The lower temperatures also

resulted in significant reduction in NOx emissions.

I** a review of work on variable valve timing, Gray n found chat systems also

offered improved and smoother running at low speeds, and that various devices

that varied valve closing times, valve overlap and valve lift offered benefits

in either power/torque or fuel consumption or both. Limitations on the extent

of control and fuel economy improvement actually measured were the result of a

lack of simple mechanism to continuously vary lift and timing.

Nissan was the first to introduce a variable valve timing system in the U.S.

in the Nissan 300-Z equipped with a DOHC 3.0 Liter V-6. In this system, the

inlet camshaft phase is changed by means hydraulic system. Published data 12

showed that at 2000 RPM, the variable valve timing system improved the torque

by 8.5%, while still maintaining high maximum power and idle stability. (The

torque benefit was 20 percent for the turbocharged V-6). This would suggest a

2 percent increase in fuel economy at constant performance, if axle ratio were

reduced by 8.5 percent.

A more sophisticated valve control system has been available from Honda in its

Japanese Civic. The system utilizes one cam-lobe to control one valve ac low

speed while disabling the second, and a separate lobe to control both intake

valves at high speeds and loads. The Japanese Civic 1.6L engine employing the

two position variable valve timing system in optimized for performance, and

produce 160 HP, a 23 percent improvement over the standard Civic 1.6L. Torque

is about 5 percent higher over the entire range of RPM. More recently Honda
13

has introduced the VTEC 1.5L engine that is optimized for fuel economy.

Here torque is maximized, and the variable valve timing system provides

approximately 15 percent better torque at 2000 RPM relative to the non-VTEC 4-

valve engine, but has the same peak horsepower output of 92 HP. In fact the

VTEC engine attains its peak output at 5500 RPM, while the non-VTEC engine

attains it at 6000 RPM.
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Prior to the introduction of the Honda Civic VTEC, a Ford review paper 14

suggested that an 80 percent reduction of pumping work was the maximum

achievable and the theoretical fuel economy improvement was estimated at 6

percent. Reduced idle speeds and improved combustion could result is an

additional 1 percent improvement. However, friction losses due to the valve

control system were expected by Ford to make this benefit unattainable, so

that only a 3 percent gain would be possible in real-life. The Ford analysis

did not account for the increased low speed torque and potential engine

downslzing capability.

The Honda VTEC Civic's fuel economy is 44 percent better than the DX model

with an identical displacement engine. This very large gain in fuel economy

is due not only to the VTEC engine but also due to a range of other

technological improvements. The Civic VTEC vehicle is 125 ibs lighter than

the Civic DX and features low rolling resistance tires and aerodynamic aids.

The 49-state VTEC engine utilizes lean-burn as well as variable-valve timing,

and the engine has low friction components. Finally, the gear ratios and axle

ratio differ between the Civic VTEC and DX models.

A more comprehensive review of the VTEC will be undertaken to separate at the

effects of all of the technologies. Currently, EEA has selected 6 percent

benefit as the near figure for variable valve timing of which 3 percent is due

to reduced part load |_umping loss, and 3 percent due to an 8 percent reduction

in engine displacement to maintain constant performance.
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7. IMPROVEMENTS TO AUTOMATIC TRANSMISSIONS

7.1 ENGINEERING DESCRIPTION

Improvements to current automatic transmissions can occur in the following

areas:

• Increased penetration of torque converter lock-up.

• Reduction in flow losses in the torque converter.

• Increase in the ratio spread between top and first gear.

• Increase in the number of gear steps between the available
limits.

• Electronic control of transmission shift points and torque

converter lockup.

Current automatic transmissions use a hydraulic systems to transmit the engine

power to the drivetrain. There is no direct mechanical linkage of the engine

to the transmission; instead power is transferred by a torque converter. They

flywheel, which is attached directly to the engine's crankshaft, also is

bolted directly to a part of the torque converter termed the impeller. The

impeller fan sets up a motion of the hydraulic fluid (transmission oil) and

this in turn spins a centrifugal fan, which is not mechanically connected to

the impeller.

During periods of acceleration, this hydraulic system allows the driven member

(centrifugal fan) to turn more slowly than the driving member (impeller).

This process is termed slip, b_t it also leads to torque multiplication.

Although torque multiplication is useful during acceleration, the fuel economy

of this system is degraded during cruise conditions when the torque converter

begins to slip. This slippage causes a loss in fuel economy because, during

constant speed conditions, it is more fuel efficient for both members to

revolve at the same rate. In order to rectify this situation, automobile

manufacturers have developed a system to mechanically link the driving members
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during cruise periods. This system, termed a torque converter lockup,

eliminates slippage and consequent fuel economy losses.

The fuel economy of manual and automatic transmissions can be improved by

increasing the ratio spread between the lowest and highest gears. A larger

ratio spread also needs to provide more intermediate gear steps to prevent

excessive shift shock and poor driveability when gears are shifted. In

addition, the lowered road load aerodynamic horsepower requirement from low

aerodynamic drag designs also demand a larger ratio spread to provide better

matching between load and engine operating point. At any operating condition,

the vehicle demands a certain horsepower from the engine, and horsepower is

the product of torque x engine speed. If fuel economy were the only concern,

the optimum point to Operate under any load condition is by maximizing torque

and minimizing engine speed (RPH). This leads to reduced throttling loss and

reduced friction loss. However, there must be sufficient reserve power at any

operating point so that modest changes in road load horsepower do not require

a downshift. In addition, operation at too low an RPM causes excessive

driveline harshness and poor accelerator response. As a result, the choice of

operating points is constrained. To maximize fuel economy and driveability,

the drivetrain parameters of engine size, axle ratio, gear ratios and number

of gears must be matched carefully. Table 7-I shows the typical ratio spreads

in U.S. domestic car transmissions used in 1988-1990. The Continuously

Variable Transmission (CVT) can be visualized as the logical limit of

increased number of gear s_eps, and it permits operation closer to the

theoretical optimum.

Mercedes has offered 4-speed automatic transmissions since the early 1970's,

but domestic manufacturers first introduced them in the early 1980's. As of

1988, 4-speed automatics are widely used in all domestic large and midsize

cars but most domestic compacts and subcompacts use 3-speed automatics. Five

speed manual transmission have completely replaced four-speed units, which are

currently offered only in a special low price Escort. Torque converter lock-
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TABLE 7-i

TYPICAL RATIO SPREADS

FOR TRANSMISSIONS IN 1988

_L_ Manual

3 speed 4 speed 4 speed 5 speed

Chrysler (FWD) 2.69 4.12 N/A 4.57

Ford (FWD) 2.84 4.01 4.12 4.80

Ford (RWD) N/A 3.58 N/A 4.52

GM (FWD) 2.84 4.29 N/A 5.04

GM (RWD) N/A 4.09 N/A 4.69

N/A - Transmission not used.

RWD - Rear wheel drive.

FWD - Front wheel drive.
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i

up (TCLU) clutches are also widely used in most, but not all, transmissions.

In fact, TCLU penetration declined slightly from the mid-1980's to 1988.

In the 1990's, further increases in ratio spreads and number of gears are

likely. Hercedes-Benz and Nissan have recently introduced a 5-speed automatic

transmission, while GM has introduced a 6-speed manual transmission. Product

plans reveal that such transmissions are likely to be more widely adopted in

the post-1995 timeframe. CVT's have been introduced in Europe and Japan, and

in one car model in the U.S.

Electronic transmission control is also likely to become more widespread as a

tool for optimizing the TCLU's lock-up speeds and the transmission's shift

points. However, engineers believe that the current hydraulic system is well

tailored to the FTP, so that electronic controls will be more effective in

real-world conditions where non-FTP modes are encountered.

7.2 TORQUE CQNVE..RTERLOCK-UP

Torque converter lookup clutches result in driveline vibrations being trans-

mitted to the body. The locking-unlocking action can also be annoying because

of the slight jerk co the vehicle. Thus, their use in small diesels or

gasoline engines with fewer than 4-cylinders -- engines that have inherently

high vibration levels -- are likely to cause more customer complaints than in

a vehicle equipped with larger, smoother engines. In fact, in recent years

TCLU's have been removed in some vehicles with 4-cylinder engines. However,

reductions in 4-cylinder engine vibration levels and electronic control of

lock-up can reverse this trend.

The fuel economy benefits of TCLU have been extensively studied by the

automanufacturers in careful "back-to-back" tests with the TCLU engaged and

disengaged on the same vehicle. Chrysler had provided data I on their first

torque converter lock up clutch in 1978, where lock-up was applied in third

gear only. Results showed a six percent improvement in the highway cycle and

a two percent improvement on the city cycle for a net improvements of 3
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percent. Ford introduced its automatic overdrive with lock-up in gears 3 and

4 in 1980. More recently, Ford's front-wheel drive four-speed transmission

(called AXOD) has lock-up in gears 2, 3, and 4. The actual fuel economy

benefit was found to depend on"

• The efficiency of the open converter

• The actual lockup speeds encountered in the city cycle

A review of the confidential submissions by the automanufacturers to DOT

suggests that increased benefit of lock-up in gear 2 is partially offset by

the increase_ open converter efficiency. The benefits may be slightly lower

for four cylinder engines due to requirements for vibration and noise control.

DOT has suggested a range of 3 to 5 percent benefit, and EEA's 3 percent

estimate appears conservative in this light.

The design of the torque converter itself is being improved. Toyota 2 has

in1:roduced a new "Super Flow" converter in its Lexus LS400 vehicle. The new

converter was computer designed to optimize impeller blade angle and blade

shape to reduce loss of oil flow. In addition, the new manufacturing tech-

niques were developed for the impeller to increase rigidity. As a result,

Toyota claims the converter efficiency is the world's best, and is 3 to 5

percent higher than other torque converters. Such an improvement is expected

to provide a 0.5 percent benefit in composite fuel economy.

7.3 FOUR/FIVE SPEED AUTOMATIC TRANSMISSION

The effects of increased number of gears in a transmission is dependent on

several variables that define the transmission. The increased number of gears

can be utilized to provide a wider ratio spread between first and top gears,

or else to increase the number of steps with a constant ratio spread for

improved drlveability and reduced shift shock. In addition, the wider ratio

spread can be utilized to provide higher performance in the first few gears

while keeping the ratio of engine speed to car speed in top gear constant, or

else to keep performance in the first few gears constant and reduce engine

sueed in top gear. Since the manufacturer is able to select among these
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_radeoffs, different manufacturers have chosen differen_ s_rategies in

selecting gear ratios.

An overdrive transmission (manual or automatic) needs careful matching to

engine characteristics and axle ratio to provide optimum fuel economy gains.

In general, the use of overdrive results in lower engine speeds on the highway

which, in turn, decreases noise and vibration levels. However, performance in

overdrive also suffers and downshifts are required to negotiate gradients or

provide highway passing performance. In city driving, overdrive is of little

value, since vehicle speeds are never high enough to spend any substantial

portion of urban mileage in overdrive.

In keeping with the constant performance criterion, EEA has examined fuel

economy differences between 3 and h speed automatic transmissions where the

performance in the first three gears is nearly identical. In examining the

available 3-speed and h-speed transmissions for domestic automobiles, we have

found that the first three gear ratios are nearly identical between the two

transmission types, while the hth gear is usually an overdrive with a ratio of

0.66 to 0.75.

Among the earliest studies on the effects of number of gears and ratio spread

was a theoretical study by Chana, Fedewa and Mahoney 3 from GM. In this

study, engine size and axle ratios were optimized for maximum fuel economy, as

was the shift pattern. In real life, these choices are not unconstrained, and

other parameters related to vehicle driveability and comfort limit the number

of shifts during normal driving. Hence, the study can be considered as an

uDDer bound to the benefits obtained. The study compared a 3-speed automatic

with 2.8h ratio spread to a h-speed automatic with 4.22 spread. These values

are very similar to the actual values in transmissions available today. The

A-speed unit was found to provlde Ih.3% benefit in composite fuel economy over

the 3-speed unit when evaluated at constant performance as defined by the 0-60

mph acceleration time. In practice such values have not been attained.
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Since both 4-speed and 3-speed automatic transmissions are already sold widely

in the U.S., a comparison of vehicles featuring these transmissions is

possible. Unfortunately, both transmissions are rarely available in the same

carline/engine combination. A "matched pair" is required so that vehicle

differences and performance differences are factored out of the comparison.

Only GM and Toyota have offered both transmissions with the same carline/

engine in the 1986-1989 period. The GM transmissions have nearly identical

ratios for the first three gears, but the 4-speed features on overdrive gear

with 0.70 ratio. In the Toyota, the 4-speed transmissions first gear has a

2.45 ratio versus 2.91 for the 3-speed transmissions. The shift schedule is

an uncontrolled variable in these comparisons. In addition, the axle ratios

also differ slightly. In all cases, the "constant performance" criterion is

only approximately valid. In addition, measurement variability can cause

errors of ±2Z of the actual (true) value. As can be seen from Table 7-2 the

available comparisons show a range of 3 to 7.8 percent benefit for the A-speed

over the 3-speed. Conversations with transmission engineers suggest that 4.5

percent is an acceptable median value for a constant performance comparison.

A more recent EPA "matched pair" comparison 4 has come to a similar conclu-

sion.

Five speed automatic transmissions have only recently been commercialized in

Japan and Europe. Nissan has provided a comprehensive analysis of the effect

of numbers of gears and choice of first gear and top gear ratios on fuel

economy. 5 They found declining benefits with increasing number of gears,

with little or no benefit above six gears. With a first gear ratio of 3.0

(similar to that of current automatics) they found no benefits in fuel economy

in using overdrive ratios lower than about 0.7. However, increasing the first

gear ratio to about 4 provided better standing stare performance. This

production Nissan 5-speed transmission uses a 3.85 first gear ratio and a 0.69

overdrive ratio for a 5.56 ratio spread. At constan= performance, Nissan

showed fuel economy gains in the 3 percent range. Mercedes, the only other

manufacturer to have introduced a 5-speed automatic, confirmed that the fuel

economy benefit over a 4-speed automatic was in the 2 to 3 percent range.
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TABLE 7- 2

MATCHED PAIR COMPARISONS OF FUEL ECONOMY WITH

THREE- AND FOUR-SPEED AUTOMATIC TRANSMISSIONS

Model EnRtne CID Test Weight (lb) 3-Speed Auto 4-Speed Auto % F/E Increase

Axl___eeF/E Axl___eeV/Z

Chevy Celebrity 173 V-6 3250 2.84 25.5 3.06 26.5 3.9
(2-bbl)

Olds Cutlass 173 V-6 3250 2.84 24.2 3.06 26.1 7.9

(FI)

Chevy Caprice 262 V-6 4000 2.56 21.7 2.56 22.7 4.6
(FI)

Chevy Caprice 262 V-6 3875 2.56 23.2 2.56 23.9 3.0!

(FI)

Toyota Corolla 97 I-4 2750 3.33 33.1 2.82 34.9 5.4
(FI)



Ford also submitted data on their planned 5-speed automatic transmission.

Although the specific gear ratios were not provided, Ford provided simulated

data on the 4-speed and 5-speed transmissions. They found the benefits to be

closely related to the absolute performance level at which the comparison was

made. As shown in Figure 7-1, Ford estimated that the 5-speed automatic would

provide a 2.5 percent at current performance levels, but could have much

smaller benefits at other levels. It is possible that the ratio spreads

between the two transmissions did not differ much in this comparison.

EEA has selected 2.5 percent fuel economy benefit as a representative figure

for the fuel economy benefit of a 5-speed automatic over a 4-speed automatic.

7.4 ELECTRONIC TRANSMISSION CONTROL

Electronic Transmission Control (ETC) systems can replace the hydraulic

controls used in most transmissions. The electronic system can be used to

control shift schedules and torque converter lock-up such systems were first

introduced in Toyota's A43DE transmission in 1982. As of 1988, the domestic

manufacturers did not have electronically controlled transmissions although

several have been introduced in 1989 and 1990.

The benefit of the ETC system lies in the potential to maximize fuel economy

by tailoring shifts and lock-up to the driving schedule. In the analysis of

Toyota's 4-speed transmission in 19824 , the benefits of the electronic

transmission control in "normal" setting offered a 3.1 percent in fuel economy

or the Japan lO-mode city cycle. Benefits on highway driving schedules are

much smaller, simply because there are fewer gearshifts. Toyota also found

that in an "economy" setting, the benefit increased to 6.2%. DOT has pub-

lished estimates of 3 to 5 percent benefit in fuel economy for the ETC system.

Domestic automanufacturers, however, claim that these benefits are

unrepresentative since most modern non-electronic transmissions have been

optimized for the FTP test cycle, and the available benefits of ETC are much

smaller. Although several electronically controlled transmissions are already
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available, "paired sample" comparisons are not possible as no example of the

same car/engine combination is available with non-electronic and electronic

transmissions. However, studies across different models of similar weight and

performance do not show any significant advantages for the electronic

transmission. In the absence of carefully controlled test data, we have

accepted the manufacturer's claim that the benefit is only 0.5 percent.

However, it appears there is potential for greater improvement with some loss

of smoothness or "feel".

7.5 CONT_NUOUSLY VARIABLE,, TRANSMISSIONS

Current transmissions feature a discrete number of gear ratios (usually 3 to

5) that determine the ratio of engine to vehicle speed. This results in some

loss of flexibility in matching the engine speed/load condition to vehicle

requirements. A continuously variable transmission (CVT) offers a infinite

choice of ratios between fixed limits, allowing optimization of engine

operating conditions to maximize fuel economy.

Currently, Subaru is the only manufacturer offering a CVT in a small car.

Although there are several designs being tested, the CVT that is in production

features two conical pulleys driven by metal belts. The position of the belts

on the conical pulleys determine the gear ratio between input and output

shafts. Under steady state conditions, the metal belt system can be less

efficient than a conventional system, but the fuel used over a complete

driving cycle is decreased because of the optimized speed/load conditions for

the engine.

Current CVT's are designed as replacements for conventional automatic

transmissions and are gener_!iy not more efficient than a wide ratio 5-speed

manual transmission or'an advanced overdrive five speed automatic transmis-

sion. The CVT is expected to find application only in small cars because: i)

CVT's are inherently torque limited due to the metal belt design and are,

thus, not compatible with engines over 2 liters (120 CID) in displacement; and

2) CVT's are attractive for small front-wheel drive cars because they are
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easier to "package" than a four-speed or five-speed automatic transmission.

The performance, cost and fuel economy gains are discussed below.

Several major suppliers are experimenting with CVT's, and Ford and GM are

known to be testing the CVT for possible introduction in the mid-1990's in the

subcompact and minicompact class of cars. Ford offers a CVT in its European

Fiesta as of 1990.

Performance of the CVT should be equal to or somewhat better than conventional

automatic transmissions. However, a CVT can produce unexpected changes in

engine speed -- i.e., engine speed dropping while the vehicle speed is

increasing -- which may deter consumer acceptance. Developments in the metal

belt system coupled with weight reduction of future cars are expected to

enhance the availability of the CVT for use in the compact size classes of

cars in the 2000 time frame.

In the early 1980's, CUT's were expected to provide substantial fuel economy

benefits over 3 speed automatic transmissions. Researchers from Ford 7 showed

that an Escort with a CUT of 82 percent efficiency would have a fuel economy

14 percent higher than the fuel economy with a 3-speed automatic; at a CVT

efficiency of 91 percent, the fuel economy benefit was computed to be 27

percent. (91 percent was considered as an upper bound of potential effic-

iency). Similarly, Gates Corporation s installed a CVT in a Plymouth Horizon

and found a fuel economy improvement of 15.5 percent over a conventional 3-

speed automatic with lock-up at almost identical performance levels. However,

design compromises for driveability, as well as improvements to the base three

speed automatic since the time these papers were published (1982) has resulted

in lowered expectations of benefits. The current consensus among automanufac-

turers is that the CVT will be 8 to 10% more efficient than current 3-speed

automatics with lock-up, and EEA has utilized 8.5 percent as a conservative

figure. This figure is consistent with the measured results from the Subaru

Justy CUT sold in the U.S. Note that the 8.5 percent figures includes the

benefits of electronics control which is required to maximize CVT benefits.
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8. DIESEL ENGINES AND TWO-STROKE ENGINES

8.1 DIESEL ENGINES

The diesel engine uses a fundamentally different combustion process than the

spark-iEnition (gasoline) engine. In the diesel, intake air is heated by

compression to a temperature sufficient to ignite the fuel. Diesel fuel is

then injected as a spray at very high pressure, with combustion taking place

at the air-fuel interface of the spray droplets. (In spark-ignition engines,

air and vaporized fuel are pre-mixed, and the homogenous mixture is ignited by

u spark).

The diesel inherently is more efficient than spark-ignltion engines as a power

plant for motor vehicles. First, the diesel has a greater thermodynamic

efficiency because it operates at much higher compression ratios than a

gasoline engine (22:1 versus 8:1). Second, current diesels are unthrottled

and achieve part-load operation by reducing the rate of fuel injection,

therefore leaning the air-fuel ratio. In contrast, gasolin_ engines throttle

the intake during part-load operation, incurring pumping losses associated

with airflow pass the throttle plate, and maintain approximately constant air-

fuel ratios across the operating range. Diesels therefore, offer particularly

efficient operation during idle and low-load conditions, which are very common

in urban driving patterns.

Since the diesel combustion process is controlled by the rate of fueling,

performance of the injection system is critical. All of the current passenger

car diesels feature a pre-chamber design in which the air and fuel spray are

partially mixed and ignited before combustion spreads to the main chamber.

This design limits the rapid pressure rise which occurs in a direct-injection

diesel (found in medium and heavy-duty trucks), with attendant reductions in

noise, vibration, and NOx emissions. The prechamber design also makes the

combustion process less sensitive to the performance of the fuel injection
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system and allows the use of a less expensive rotary injection pump. However,

the lower rate of pressure rise and the additional heat transfer of the

prechamber design results in lower specific fuel economy than in the direct

injection diesel.

Diesel engine performance traditionally has been a deterrent to its widespread

acceptance. The principal disadvantages of the diesel compared to gasoline

engines are:

, Poor acceleration

, Increased noise and vibration

• Cold start performance

• Exhaust smoke and odor

Performance advantages for the diesel include reduced maintenance and better

throttle response which eliminates stumbling and hesitation in any weather.

Acceleration performance has ben poor because diesels have significantly lower

peak power output than gasoline engines of equal size (displacement), due to

the higher internal friction of the diesel engine as well as limitations on

the diesel combustion process. In particular, smoke production increases at

high fueling rates due to incomplete combustion of the injected fuel droplets.

The engine design must therefore limit peak power to control smoke to accept-

able levels. A diesel engine is also heavier than an equivalent gasoline

engine to withstand the higher stresses of the increased compression ratio,

with a resulting adverse impact on power/weight ratios. Diesel performance

can be increased by using a larger engine or by turbocharging, although with

price and fuel economy penalties. During times of high fuel prices, however,

consumers have been willing to accept reductions in traditional performance in

return for increased fuel economy.
¢

Although diesels have increased noise and vibration levels, insulation and

rubber engine mounts have successfully minimized these problems in current

cars so that the average driver cannot differentiate between gasoline and
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diesel engines. Slow cold start and warm-up performance of diesels have been

improved through the use of EGR. GM already has developed a "fast-start" glow

plug system that allows the diesel to start in 60 seconds in 0 degree weather.

Exhaust smoke and odor are problems that are less readily solved, but it

appears that particulate traps (addressed elsewhere in this section) will

provide control of both.

Although diesels traditionally are thought to be 25 percent more efficient

than gasoline engines, comparisons from currently available models show that

the fuel economy gain can range from 15 to 55 percent, depending on the type

of comparison being made. I (Equal engine size, equal performance, or model

to model comparisons produce very different results.) One problem with

comparing diesel to gasoline fuel economy is that diesel and gasoline versions

of the same car rarely exhibit similar performance characteristics, while

comparisons between different models can reflect manufacturer and drivetrain

differences. The limited number of diesel models available also make accurate

comparisons difficult. In fact, in 1987 only four diesel car models were

available and all of these models were phased out by 1989.

Comparison of actual data on all four cars from model year 1987 with their

gasoline counterparts is provided in Table 8-1. The Ford Escort comparison is

the only one for a naturally aspirated diesel, but the performance levels of

the gasoline and diesel cars are very different, as is obvious from the

comparison of horsepower and torque. In all of the cases considered, the

diesel vehicle is heavier by 125 ib than its gasoline counterpart. The

comparisons of the two Mercedes and one Peugeot are closely representative of

a constant performance situation. This indicates that at constant performance

a turbocharged diesel can provide 20 to 36 percent better fuel economy than an

equivalent technology gasoline counterpart. Diesel experts have concluded

that 30 percent benefit for a turbocharged diesel is the correct figure for

engine of similar design quality.

In addition, diesels have much lower fuel economy shortfall (difference

between real-world and EPA fuel economy), than gasoline engines. This
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TABLE 8-1

COMPARISON OF DIESEL/GAS FUEL ECONOMY - 1987 CARS

Ford Escort Mercedes 190 2.3/2.5D Mercedes 260E/300D Peugeot 505
Gas Diesel Gas Diesel Gas Diesel Gas Diesel

Type OHC OHC OHC OHC/Turbo OHC OHC/Turbo OHC OHC/Turbo

Displacement 113 122 140 152 158 183 120 152

Horsepower 84 58 130 123 158 143 97 95

Torque (ft-lb) 105 84 146 162 162 195 116 133

Test Weight 2625 2875 3250 3375 3625 3750 3375 3500

Dyno HP 7.5 6.8 8.2 8.2 7.5 7.5 10.3 10.3

Transmission M5 M5 A4 A4 A4 A4 L4 L4

Axle Ratio 3.52 3.52 3.27 2.65 3.27 2.65 4.11 3.89

City F/E 31.4 40.7 23.0 31.5 21.6 28.7 22.3 27.2

Highway F/E 47.2 57.3 30.7 41.5 29.9 37.9 30.5 35.9

Composite F/E 37.0 46.8 25.9 35.3 24.7 31.8 25.4 30.5

Diesel Benefit (%) -- 26.5 -- 36.3 -- 28.7 -- 20.1



difference in shortfall ranges from 6 percent (for low fuel economy cars) to

25 percent for high fuel economy cars. Diesels especially show fuel economy

advantages in city traffic, as they use very little fuel during idle, and in

comparison to gasoline engines, also use much less fuel during the cold start

and warm-up phase. In real world economy, therefore, the turbocharged diesel

can provide up to 50 percent improvement over gasoline engines in an "average-

to-average" comparison.

As explained previously, all of today's passenger car and light truck diesels

are of the prechamber type. Conversion to direction injection results in an

additional 15 percent fuel economy benefit over an equal displacement pre-

chamber design. This large benefit has resulted in considerable interest in

applying direct-injection to cars and light trucks, and there are several

models currently undergoing development. Much of the work is being performed

in Europe by AVL, BMW, VW and MAN.z/3

The direct injection diesel has suffered from the problems of increased noise

and vibration as well as higher particulate emissions. The key to control of

these problems lies in the fuel injection system. The use of electronic

control and more advanced injection pumps has resulted in improved potential

for the direct injection diesel. The status of current research shows that

direct injection diesels are very close to meeting all applicable U.S.

emission standards, while noise and vibration levels are competitive with

current prechamber engines.

It appears that direct injection diesels could be introduced in the early

1990's by several foreign manufacturers for the U.S. market of these is a

demand for such vehicles.

8.2 TWO-STROKE ENGINES

The two-stroke engine has recently made a reappearance, largely due to the

success of an Australian firm, Orbital Engine Company. Historically, two-

stroke engines had high specific output, low weight and were simple in design,
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but had poor thermodynamic efficiency and very high emission levels. Orbital

claims to have solved the problems by using a direct injection, stratified

charge combustion system to reduce emissions and raise fuel efficiency.

According to information publicly available from Orbital, 4 a 1.2L engine has

been developed fully to meet even the stringent 1994 U.S. emission standards

of 0.25 HG/3.4 CO/0.41 NO= g/mile. The Orbital engine has an output of 90 BHP

and a torque of 130 N-m, roughly comparable to a 1.6L 2-valve OHC engine.

Orbital claims that its principal advantages in fuel efficiency lies in

decreased pumping losses and reduced mechanical friction. The thermodynamic

advantages of direct-injection stratified charge engine arises from the lean

burn concept used, but this is partially offset by the reduced effective

compression ratio of the engine (-8).

In comparisons with the 1.6L 2-valve OHC engine, Orbital has claimed a bsfc

advantage of 12 percent. In addition, the engine has an weight advantage of

120 lb and is reportedly smoother than the 4-cylinder 4-stroke engine. The

size of the engine is also significantly smaller, and Orbital has claimed

potential aerodynamic advantages of the engine. Even if this is discounted,

the Orbital engine appears capable of providing a 16 co 17 percent coral fuel

economy advantage in a 2500 lb. inertia weight subcompact. The engine may be

cost competitive with OHC 2- valve k-stroke engines, although thece is an

initial tooling cost associated with conversion that may be significant. The

Orbital claims have been apparently verified by automanufacturers, but they

have issued no independent confirmation of these claims.
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9. POWER BOOSTING

9.1 TURBOCHARGING

9.1.1 En_ineerin_ Description

Internal combustion engines, both gasoline and diesel, reject 25 to 50 percent

of the fuel energy into the exhaust. A turbocharger recovers some of this

wasted energy, thereby increasing the power rating of the engine. The

turbocharger consists of a turbine placed in the exhaust path which drives

compressor in the intake manifold, compressing incoming air to the engine.

The higher pressure of the intake manifold results in more air being forced

into the engine, thus generating more power.

The turbocharger can be used to improve performance or fuel economy. Its use

as a performance device is obvious. As a fuel economy device, the turbochar-

get allows the use of a smaller, lighter engine without a performance sacri-

fice. Smaller engines with turbochargers have lower fuel consumption during

idle and cruise conditions that larger, naturally aspirated engines of equal

power. Depending on the choice of engine and turbocharger, performance can be

traded off against fuel economy.

9.1.2 Application

Turbochargers function more effectively with diesel engines than with gasoline

engines for two reasons. First, since the turbocharger compresses intake air,

its effects on combustion are similar to that of an engine operating at

increased compression ratio. Gasoline engines are compression limited by

"knock" and the pressure boost delivered by the turbocharg_r must be carefully

controlled to a low value (5-7 psi) to prevent knock. No such limitation

exists for diesel engines, and turbocharger boost is only a function of engine

material limitations. Second, gasoline engines throttle the intake air at

part load conditions, whereas diesel engines reduce only the fuel delivered.

Intake air throttling renders a turbocharger ineffectual and hence, the
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turbocharger is utilized only under relatively infrequent wide-open throttle

conditions in gasoline engines.

There are a number of problems associated with turbochargers, some of which

are a result of natural laws governing the performance of turbines. For

example, the complex interrelationship between boost pressure, airflow and

turbocharger speed (RPM), results in a turbocharger providing little or not

boost at low engine speeds and a very rapid rise in boost at high engine

speeds. The conflict between boost and engine speed requires careful matching

between turbocharger size and engine RPM to maximize mpg and performance

benefits. The turbocharger's performance, cost and fuel economy gains are

sensitive to the conflict between boost and engine speed design tradeoffs.

The tradeoffs are discussed below, and the performance and fuel economy issues

are highlighted.

As manufactures phase out the large V-8 engines, they have begun offering

turbocharged gasoline engines to satisfy customers requiring performance.

Both GM and Ford have offered turbocharged engines for over I0 years, and a

number of European importers (Audi, Saab, Porsche) have offered them in

expensive high performance cars. Turbocharged diesel engines are offered by

Mercedes, Peugeot and Toyota. Total market penetration of turbocharged

engines has been very small (2 percent in 1988). The reasons for the

curbocharger's limited penetration are considered below.

9.1.3 Performance and Fuel _conomy

The acceleration characteristics and fuel economy gains are dependent on how

the turbocharger is "matched" to the engine. If the turbocharger is sized to

provide boost at moderate engine speed (2000 to 3000 RPM) but sacrifice some

maximum power at highe£ engine speeds, the engine will provide good perfor-

mance in the 40 to 70 mph range. At the very low RPM range (for example, a

hard acceleration from a stop sign), the engine behaves bike a normally

aspirated engine of identical size. After the vehicle exceeds 25 to 30 mph,

it behaves like a larger normally aspirated engine. The EPA fuel economy gain
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is approximately 5 percent over the larger normally aspirated engine of the

same power. Mid-range boost offers the best compromise between fuel economy

and performance. However, the turbocharger in combination with 4-valve

engines exacerbates the low RPM torque problem. As a result, EEA does not

believe that the turbocharger/4-valve engine combination will be used for fuel

economy.

If all the boost is concentrated on the high end of the engine RPM range to

optimize for maximum power, there is no gain in either performance or EPA

economy during normal driving in comparison to a naturally aspirated engine of

equal displacement. All the performance improvement is available only for

high RPM gear shifting, and the turbocharger appeals to a performance oriented

group of buyers. For example, the behavior of the now discontinued Mustang

Turbo at low to moderate engine speeds resembles that of the naturally

aspirated engine from which it was derived. Although fuel economy comparison

with a V-8 shows a i0 percent gain, there are considerable differences in low

speed acceleration between the two. It is clear that for gasoline engines the

characteristics of the turbocharger appeal only to those buyers interested in

maintaining high performance. For such customers, the turbocharger provides a

i0 percent fuel economy benefit over a V-8, albeit at the expense of poor

performance over a significant portion of the engine's speed range. Some 4-

valve engine, such as the Toyota Celica 4WD engine, feature turbocharging to

provide very high peak power.

Diesel turbocharging results in a price impact very similar to that for

gasoline engines for modest maximum boost pressures (10-12 psi). At a higher

boost pressure, piston cooling requirements and strengthening of internal

engine parts as well as cooling system improvements may raise the price

significantly. High boost pressures allow diesels to be competitive in

acceleration performance with gasoline engines and the price is illustrative

of the cost/performance tradeoff that customers will face in the future. For

example, Peugeot has chosen the modest boost path, while BMW has chosen to use

high boost to maximize performance. On average, EEA estimates that a turbo-

charger will provide a i0 percent benefit in fuel economy for diesels.
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9.1.4 Environmental Constraints

The effect of turbocharging on emissions is dependent on the application. For

gasoline engines, turbocharging can increase emissions for two reasons.

First, the thermal mass of the turbine wheel in the exhaust delays catalyst

warm-up, increasing HC and CO emissions. Second, if a smaller, more highly

loaded engine is used (i.e., the turbocharger is used as a fuel economy

device), NOx emissions will increase. If the engine is not more highly loaded

(i.e., the turbocharger is used to provide extra performance only), the

turbocharger does not affect emissions on the EPA test cycle as there are no

"wide open" throttle driving regimes during the test.

For diesel engines, the use of the turbocharger as a combination fuel econ-

omy/performance device typically results in decreased HC and particulate

emissions due to the extra air available for combustion. NOx emissions may

increase, but only by a small percentage. Thus, in general, the use of

turbochargers on diesels result in more favorable emission characteristics.

9.2 OTHER SUPERCHARGING TECHNOLOGIES

Although the turbocharger is the most widely used form of supercharger,

several other supercharging technologies are being researched. The most

important technologies are:

• Comprex

• Roots blowers

• Positive displacement pumps

These technologies are being investigated to eliminate the turbocharger's

problems of poor low end torque and difficulty of matching with piston engine

requirements.

9.2.1 Gomprex

Comprex superchargers have been investigated for decades in Europe, princi-

pally by Brown-Boveri and MAN. They utilize the pressure pulsations in the
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exhaust manifold to compress intake air in a rotating device that actually

places the intake and exhaust gases in contact with each other. This also

results in some mixing of exhaust gases with the intake air. Although the

Comprex has worked in diesel engine applications, it has been difficult to

control and has proven expensive. EEA is of the opinion that it is likely to

be available in the post-1995 time frame, in some diesel models from Europe.

9.2.2 Roots Blowers

Roots blowers have been in use in aircraft engines since World War II and in

limited production automobiles (such as Bentley and Mercedes) in the early

1930's. There has been renewed interest in this device recently, and Ford has

introduced this technology into the market in 1990. The Roots blower is

similar to a gear pump in operation, and consists of two lobe rotors geared

together and enclosed in a housing. The rotors are connected to the engine

crankshaft via a toothed belt and their rotation provides compression of

intake air. Roots blowers are considerably bulkier than turbochargers and

require precision castings and pressure seals for proper operation. However,

they provide constant boost over much of the engine operating range, except at

very low speeds where air leakage past the rotors results in very low boost.

9.2.3 Positlve Displacement Pumps

Positive displacement pumps are similar to air pumps used in current vehicles

for emission control. Supplier companies have been developing these pumps

(vanetype) for use on superchargers. As with Roots blowers, they are bulky

and need to be driven off the crankshaft. They are cheaper to produce than

Roots blowers and produce somewhat higher low-speed torque. However, their

durability characteristics are inferior to Roots blowers.

9.2.4 Application

Competition between Roots blowers and vane pumps for the gasoline supercharger

market is likely. Since their size increases linearly with engine size, they

become much too bulky for use with large engines. In addition, since they are

driven off the crankshaft, the drive system becomes too complex to transmit
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the high power required. For these reasons, EEA believes that superchargers

(either Roots or vane-type pumps) may be used in small and compact cars as

well as small LDT's. In both categories the application of superchargers can

be combined with engine downsizing/axle ratio reduction to provide increases

in fuel economy. Ford is using superchargers with a large V-6 (3.8L) engine,

and the results have been mixed.

Unlike turbochargers, these supercharging technologies are more compatible

with gasoline engines since diesels have much higher airflow at the same

power, requiring greater power input to the supercharger. EEA estimates that

superchargers can provide a 5 percent gain in fuel economy for gasoline

engines for constant performance comparisons. However, superchargers may be

offered as an option to increase performance, and reduce this benefit.

Consumer prices for the supercharger are $250 to $300 depending on

application. The Roots blower is likely to be more expensive but offers

greater durability and quieter operation. The cost and complexity of super-

charging will result in these technologies being used as a limited high

performance option, rather than as a fuel economy device.
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i. INTRODUCTION

Concerns about the security of petroleum supply to the U.S. and about global

warming due to greenhouse gas emissions of carbon dioxide have led the U.S.

Department of Energy (DOE) to evaluate the potential to improve fuel economy

of automobiles. The DOE is also required by legislation to comment on all

rulemaking on Corporate Average Fuel Economy. As a result, the DOE has

contracted with Energy and Environmental Analysis, inc. over the last decade

to examine automotive fuel economy. Typically, the previous analyses examined

fuel economy in the context of regulatory requirements ovec a lO-year time

horizon. The recent concerns, however, have extended the time horizon of

interest, and this report addresses potential fuel economy in 2010.

This report builds off a previous ErA analysis for the DOE on fuel economy

potential to 2001. As with the previous work, this effort has been cofunded

by Energy, Mines and Resources Canada and the U.S. EPA. Although the analysis

for those organizations utilize the same data base and methodology as the one

employed in this report, the focus and results are slightly different due so

differences in input assumptions employed.

The methodology utilized by EEA to derive fuel economy projections based on

technological improvements was developed under contract to the U.S. Department

of Energy, and relies on starting from a known vehicle technology and fuel

economy baseline. The effects of various improvements to cars are estimated

cumulatively from this baseline. As a result, the forecast for 2010 requires

knowledge of improvements in the intermediate time frames of 1995 and 2001.

Due to the current Congressional interest in fuel economy, the EEA forecasts

for 1995 and 2001 have received considerable a_ention. The cumulative nature

of improvements makes it important co forecast benefits for these years as

accurately as possible. Over the last six months, EEA has engaged in dialogue

with auto manufacturers, and, as a result of their critique, modified the
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i995/2001 forecasts recently. These modifications are documented in Section

2.

The current methodology utilized by EEA to calculate fuel economy is based on

a "linearized" approach that is an approximation of the exact engineering

equations governing vehicle technology and fuel economy. While this appro×i-

marion is adequate for the near term, it was believed that it would be inaccu-

rate at levels that are double today's fuel economy values. A modified method

that incorporates the exact engineering equations was devised, and is docu-

mented in Section 3.

Section 4 represents the main body of work for this forecast, describing

technologies available for improving fuel economy in the post-2000 time frame.

The information was derived from meetings with major Japanese and European

manufacturers, who gave EKA considerable assistance with this project. The

technologies and their characteristics are documented in extensive detail in

this report.

Section 5 represents the analytical forecast of fuel economy for 2010 that

utilizes the information in Section 4 within the methodology described in

Section 3. Obviously, fuel economy forecasts for 2010 are subject to consid-

erable technological and economic uncertainty. This is reflected in a

scenario approach tha_ defines differing supply curves of fuel economy under

varying degrees of risk. The information is presented to allow independent

trade-off in vehicle a_tributes or costs to attain high levels of fuel

economy.
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2. REVISED FORECAST OF FUEL ECONOMY

FOR 1995/2001

2.1 METHODOLOGY

In order co forecast future fuel economy of individual vehicles or vehicle

types, EEA has developed a methodology that relies on three steps:

• Specification of a baseline of fuel economy and vehicle

technology attributes.

• Identification of individual fuel economy technologies applicable

to each vehicle type and fuel economy benefits associated with

these technological improvements.

• Adoption of technologies as dictated by synergistic and non-
additivity constraints to attain different levels of fuel econo-

my.

The methodology was developed by EEA over the last 10 years under conuracc to

the U.S. DOE, and has received extensive public review. A key aspect of the

methodology is the assumption that a vehicle's fuel economy can be estimated

with reasonable accuracy if its attributes such as weight and performance

(horsepower) are known, and the technologies embodied in the engine and trans

mission are identified. The implication of this view of fuel economy is that

different manufacturers building similar cars with similar technologies can

reach nearly identical fuel economy levels in a given market segment. In

fact, examination of the current car models available and their fuel economy

levels suggest that, for a given level of technology, fuel economy wi'thin

market segments is almost independent of manufacturer. Of course, some

manufacturers have introduced more technology into the market place than

others and, hence, are ahead in fuel economy.
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This methodology was utilized to forecast fuel economy to 2001 for =he three

domestic manufacturers, in a joint contract for DOE and EMR, Canada." The

task report received considerable attention in the U.S. and was used as one o:

the documen=s forming the basis for new legislation. As a result, it was

subject to detailed review by the domestic manufacturers and the forecasts

were critiqued. EEA held discussions with the manufacturers, and utilized

their inputs to revise some of the fuel economy benefits associated with each

technology. The purpose of this section is to review the changes that have

been made since the draft report was circulated, and revise the forecasts of

fuel economy. The analysis does not utilize the new methodology for calcula-

tion of fuel economy developed in Section 3.

2.2 TECHNOLOGY UPDATE

An extensive list of technologies has already been compiled by EEA, and their

fuel economy benefits estimated from a combination of sources including

research papers, actual benefits from a few vehicles already featuring this

technolosy, and from manufacturer submissions to DOT. As noted, the technolo

gy benefit estimates have attracted considerable attention from the auto-

manufacturers, and the technology benefit estimates extensively critiqued.

EEA has examined the manufacturers critiques and has publicly defended its

estimates. In brief, manufacturer critiques were based on:

• Use of incorrect baselines

• Misundersuandlng of technoloEy definitions

• Lack of control for performance and interior volume

A comprehensive llst of technologies that can be used to improve fuel economy

over the next i0 years is provided in Table 2-1. Technology costs and

" EEA "Domestic Manufacturers' Fuel Economy Capability to 2001, An Update"

Draft Report to Martin Marietta Energy Systems, October 1989.
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TABLE 2-i

TECHNOLOGY DEFINITIONS

Technology Fuel Economy Baseline

Front N_eel Drive Benefits include effect of weight

reduction and engine size reduction

starting from a late-1970's rear-wheel

drive vintage design.

Drag Reduction I - Based on CD decreasing from 0.375 in

1987 to 0.335 in 1995, on average.

Drag Reduction II - Based on CD decreasing from 0.335 to

0.30 in 2001, on average.

Torque Converter Lock-up - Lock-up in gear 2-3-4 compared to open

converter.

A-Speed Au=o Transmission - 3-speed auto transmission at same

performance level.

Electronic Transmission Control - Over hydraulic system, with control of

shift schedule and lock-up of torque

conver_er.

Accessory Improvements - Improvements Co power steering pump,

alternator, and water pump

Lubricants - 5W/30 replacing lOW-40 oil plus syn-

thetic axle lubricants.
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TABLE 2-I

TECHNOLOGY DEFINITIONS

(Cont inue d)

Technoloz7 Fuel Economy BaseliDe

Overhead Camshaft - _r_ engine of 40 BHP/licer replaced by

OHC engine of 50 BHP/licer buc with

smaller displacement for constant per-

formance.

Roller Cam Followers - Over sliding contact follower.

Low Friction Pistons/Rings - Over 1987 base except for select en-

gines already incorporating

improvement.

Throttle Body Fuel Injection - Over carburetor (includes air pump

elimination effect).

Multi-Poinu Fuel Injection - Over carburetor. Includes effect of

_uned intake manifold, sequential in-

jection and reduced axle ratio for

constant performance.

t-Valve Engine (OHC/DOHC) - over uwo-valve OHC engine of equal

power. Includes effect of displacemen

reduction and compression ratio

increase for 9.0 uo i0.0.

Tires - Over 1987 tires, due to improved con-

struction.

Intake Valve Con_ol Lift and Phase Control for intake

valves, ac constant engine output.
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benefits are directly dependent on what a particular technology is being

compared against. For example, =he benefit of multi-point fuel injection is

dependent on whether the comparison is against a carburetor or against

throtzle-body fuel injection. The comparison baseline for each technology is

documented in Table 2-i. A second factor that has caused some misunder-

standing in public reviews is a semantic issue, when a specific technology

name designation represents a group of technologies. The introduction of

certain technologies allow ocher changes =o be made to a vehicle that con-

tribute to a greater change in fuel economy than if it were introduced without

other changes.

EEA's =ethnology name designations include an entire group of technological

changes for estimating technology benefits for certain technologies. For

example, EEA's "Front _eel Drive" technology benefit is based on the fact

that the transverse engine location allows considerable exterior size reduc-

tion and accompanying weight reduction while keeping interior room constant.

The secondary effects include engine downsizing =o keep performance constant.

Thus, the benefits associated with the term "Front-Wheel Drive" includes all

of these primary and secondary effects. Similarly, the benefits for "overhead

cam" engines is based on the fact that existing overhead valve engines have

low specific output, and a new overhead cam engine of lower displacement can

be used to replace the older engine while providing equal performance. The

central variables that are maintained qonstant over time are the _nterior

volume of the car as well as the _erformance as defined by its acceleration

capability. These issues are of importance since it is the most common source

of misunderstanding of =he EEA technology benefit estimates.

%%ile EEA's technology estimates have been documented in several reports to

the Department of Energy, the recent interchange with manufacturers has led to

some revisions to the'benefit estimates. The fuel economy benefit (in

percent) estimates were revised upward or downward, based on manufacturer

inputs or available measurements, as follows:
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• Roller Cam Followers - Increased from 1.5 =o 2.0 per-
cent.

• ConEinuously Variable - Increased from 2.5 co 3.5

Transmission percen=

• Drag Reduction for Large - CD reduced by 20 percen_

Cars (Segmen= 6) from 0.43 to 0.3A

• Electronic Transmission - Decreased from 1.5 to 0.5

Control percen=

• Accessory Improvements - Decreased from 1.0 to 0.5 per-
cent due to elimination of

2-speed accessory drives

• 4 cyl/4 valve replacing - Decreased from lO to 8 percent
6 cyl/2 valve engine

In addi=ion to the specific changes listed above, the overhead cam (OHC) =o

overhead valve (OHC) engine benefi= estimate was revised to allow for a modern

ca=egory of overhead valve engines that have appeared in the 1987-1990 =ime

frame. Engines were classified on the basis of specific ou=pu= as being "old

OHV", "advanced OHV", "old OHC" and "new OHC". The fuel efficiency benefit

and the specific output charac=eristics associa=ed with each engine type are

as follows:

Specific

Output (Car) Benefit

Engine Type (bhp/L) (Z)

Old OHV 35 to 37 Base

Advanced OHV &4 to 46 +3

Old OHC 44 to 46 +A.5

New OHC 50+ +6.0

Finally, some engines.were recognized for having already adopted =he first

round of friction reduction by 1988. These engines are the GM 3800 V-6, =he

Quad 4, the Ford 1.9L and =he Ford 3.0L engines. The recognition of these

engines preven=s double counting of friction reduction benefits.
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A complete listing of the technological benefits used in the forecast is

provided in Table 2-2 Two specific points are of great importance in

considering these estimates. First, =he estimates are relative to the

technology baseline detailed in Table 2-1. Second, the benefit estimate is

with constant performance and interior volume. These factors are paramount in

determining the size of the benefi=.

Separately, diesel engines and two stroke engines were not considered for 2001

analysis, principally because it appears that a 0.4 g/mi NOx standard is

virtually certain for the mid-1990's in the U.S. Neither engine has demon-

strafed a capabili=y =o meet this s=andard, and was deemed too risky for

inclusion by 2001. This assumption is unchanged from the one used in the

previous report.

2.3 REVISED FOR.ECASTS FOR 2..00.1

The years of concern for the earlier analysis are 1995 and 2001. For each

year, two scenarios have been developed. The first is a product plan based

scenario that attempts to forecast what will happen in =he absence of new fuel

economy regulations. EEA analysis has revealed tha= technologies that are

available and cost effective are generally adopted by manufacturers as part of

the product plan. Here, the term "cost-effectiveness" is based on the

incremental price of the technology being lower than the cos= of fuel saved

over 4 years (50,000 miles for cars and 60,000 miles for trucks). In addi-

tion, product plans are often revealed in the trade press and are tracked by

EEA to the extent available. The cost-effectiveness criterion is used to

estimate if a technology will be included in the product plan at a specified

fuel price.

All of =he technology, analysis is based on maintaining constant interior

volume and constant performance• A review of the produce plans and actual

events between 1988 and 1990 show tha_ this assumption does no= hold as cars

are increasing in size within market segments and offering improved
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TABLE 2-2

TECHNOLOGICAL BENEFIT

ESTIMATES UTILIZED

Technology F/E Benefit: ,(%,)* Comment

Front Wheel Drive iO over 1970's RWD vehicles

5 over 1980's RWD vehicles

Drag Reduction 2.3 per i0 percent Co
reduction

4-speed Auto Transmission &.5 _'idely used in 1988

Torqu_ Converter Lock-up 3.0 %'idely used in 1988

5-speed Auto Transmission 2.5 Over &-speed auto
transmission

6-speed Manual Transmission 2.0 Over 5-speed manual

Electronic Transmission Control 0.5 For auto transmission

only

CVT 3.5 For mini and subcompact

cars only

Accessories -0.5 Varies between 0.3 and

0.7, depending on market
class

Oil (5%4-30) 0.5 Already used in some
large cars

Advanced Tires O.5 --



TABLE 2-2

TECHNOLOGICAL BENEFIT

ESTIMATES UTILIZED

(Continued)

TeghnoloKy F/E B_nefi_ (x) Comment

Throttle-Body Fuel Injection 3 Widely used

Multi-Point Fuel Injection 6 Widely used

Advanced OHV Engine 3 Over old OHV design

Modern OHC Engine 6 Over old OHV design

Roller Cam Followers 2 Widely used in domestic
cars

Friction Reduction I 2 Except for specific

engines

Friction Reduction II 2 Post 1995 technology

A cyl/4 valve over 5 At constant performance

A cyl/2 valve engine

4 cyl/4 valve over 8 At constant performance

6 cyl/2 valve engine

Intake Valve Control 6 Synergistic affects with
5-speed auto/CVT

Electric Power Steering l Only for cars in market

segments segments i, 2 and 4
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performance. Examples of such events chat have already occurred since 1988

include :

• Ford's 1989 Thunderbird/Cougar is larger and A00 ibs heavier than
its predecessor.

• GH's new intermediate GM-10 body (Chevy Lumina) is eight inches

longer, 300 ibs heavier and 15 HP more powerful than the A-body
vehicles chac i= replaces.

• Chrysler's 1990 New Yorker has been "stretched" and is 250 lb
heavier than the 1989 version.

New products in the future are expected to continue these trends. However,

the simultaneous introduction of new technology results in no net reduction

(or an improvement) in new car fuel economy even after weight increases and

performance enhancements have been accounted for.

One aspec= co be considered for the 1995 model year is the lead time require-

menc. The 1995 model year is now only about four years away, and most of the

products have alread, been designed for this date. As a result, the 1995

analysis includes all of the known increases in performance, size and luxury

chac have already occurred since 1988 or will occur shortly, since these

cannot now be changed.

The lead time constraints are also instrumental in preventing any significant

increases in fuel economy by 1995. Manufacturers can make marginal improve-

ments over those already planned for 1995 by accelerating (or "pulling ahead")

technologies planned for introduction in 1996/97 and by extending _he market

_enetration of technologies that are used in parts (but not all) of its

product line. Among the technologies that can be pulled ahead are:

• Increased use of overhead cam engines in some domestic
cars/trucks

• Increased use of roller cam followers in import cars/trucks

• Increased use of four-speed auto transmissions

• Increased penetration of 5W-30 oil and improved tires
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e Complete conversion co multi-point fuel injection with tuned
intake manifolds.

The limited flexibility for 1995 can lead to a maximum fuel economy improve-

men= over the product plan case of only about 0.5 to 2.0 MPG, depending on the

market segment.

For 2001, such restrictions are less applicable. The product plan case holds

attributes constant from 1995 as does the maximum =ethnology scenario. (Of

course, size class shifting is considered separately, and _hese observations

are for a given market class). I_ can be argued that attributes _ market

class can be reduced, and performance reductions can also be considered beyond

the technology improvements. Size reductions are not considered within market

class because the classes are narrowly defined in terms of passenger volume.

Thus, any significant shrinkage within market class is equivalent to a market

class sales shif=. Although all classes have increased in size, a new market

class of minicompacts has emerged with the size of the older subcompacts. As

a result, =he forecast implies no loss of consumer choice of available model

sizes. However, performance is reduced in the sports and luxury classes

relative to the baseline.

The maximum technology scenario considered in this analysis is, indeed, a real

maximLIm. Many au=omanufacturers con=end that the level of change forecast is

too difficult given =he other challenges in the safety and environmental

arena. As a result, it is possible that =he 2001 maximum technology case will

be actually attained only in 2005. The scenario envisages tha= al___!products

are redesigned employing new materials such as aluminum and advanced plastics

extensively, and that the only engines sold are multi-valve small displacement

engines with intake valve control in virtually all but the smallest cars. The

extent of such changes would impose a heavy burden of retooling for the

industry and would require unprecedented and risky changes =o every product

sold. These factors should be understood when considering the maximum

=ethnology scenario results.
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2.4 R.ESULTS

Table 2-3(a) shows the computations of benefits in percent _'hile holding size

and performance constant at 1987 levels. As can be seen, technology benefi=

revisions largely offset each other, and _he net benefit declines only

slightly from 16.06 percen_ forecast earlier, to 15.66 percent. Of course

size and performance are increasing and there effects are included in Table 2-

3(b). The new addlclon co this cable is the effect of new safety and emission

s=andards thac are expec=ed in the 1987-1995 cime frame. The standards are

expected Co resulc in a 3 percenc decline in fuel economy.

Forecasts for 2001 are shown in Table 2-4 for =wo scenarios. In the "product

plan" scenario, i_ is assumed =hat performance, size and luxury peak ou= in

1995, and remain stable beyond =hat poin=. In =he "maximum =echnology"

scenario, performance size and luxury are held consta_= a= 1987 levels. Both

product plan and maximum technology scenarios show lower MPG values but almost

half of the decline can be traced to the 0.8 HPG penalty for new safety/

emission s_andards not considered earlier. However, if fuel prices increase

as anticipated, uhere will be a change in vehicle sales mix favoring fuel

economy.
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TABLE 2-3 (a)

REVISED PROJECTION

U,S, DOMESTIC MANUFACTURERS

1995 PRODUCT PLAN CASE

Penetration

F/E Increase from 1995 Fleet

Technology Gai_ (%) .....1987 (%_ Penetration F/E Gai_

Front Wheel Drive I0.0 12 86 1.20

Drag Reduction (C0 -0,33) 2.3/4.6 °. 65/15 -lO0 2.19

A-speed Automatic Transmission A.5 40 80 1.80

Torque Converter Lock-up 3.0 20 80 0.60

Electronic Transmission Control 0.5 80 80 0.40

Accessory Improvements 0.5 80 N/M 0.40

Lubricant/Tire Improvements 1.0 i00 I00 1.00

Engine Improvements

- Advanced Pushrod 3.0 (40) (30) 1.20
- Overhead Camshaft 3.0 45 69 1,35
- Roller Cam Followers 2.0 40 95 0.80

- Low Friction Pistons/Rings 2.0 80 I00 1.60

- Throtule Body FI 3.0 12 AO 0.36

- Multi-point FI 3.0 12 60 0.36

(over throttle body)

4 valves per cylinder engine

- 4 cylinder replacing 6" 8.0 180 18 1.44

- 6 cylinder replacing 8" 8.0 120 12 0.96

Total F/E Benefit 15.66

* 1987 distribution: 20.5% V-8, 29.5% V-6, 50% 4 cylinder
** Drag reduction for large/luxury cars from C0 - 0.42 baseline.
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TABLE 2- 3(b)
1995 PRODUCT PLAN

U.S. DOMESTIC LDV FLEET

1987 Fuel Economy: 26.7 HPC

1995 Fuel Economy W/o size or
peformance increase 30.9 HPG

Size/weigh:: Increase -1.4 MPG

Performance Increase -0.7 MPG

Effect of Emission/Safe_y Standards -0.8 MPG

1995 Product Plan F/E 28_0 MPG
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TABLE 2-4
REVISED PROJECTION

POTENTIAL U.S. FUEL ECONOMYIN 2001 UNDER ALTERNATIVE SCENARIOS

Fuel Product p.]a.n Max. TechnoloEy

Economy Mkt. Pen F/E Hkt. Pen F/E
Benefit 1995 - 2001 1995 - 200l

Weight Reduction 3.3/6.6 100 3.30 100 5.28

Drag Reduction 1.15/2.3 80 0.92 80 1.84

Intake Valve Control 1/ 6.0 30 1.80 70 4.20

Overhead Cam Engines 3.0 30 .09 30 .90

6 cyl./4V replacing 8 cyl. 8.0 4 0.32 8 0.64

4 cyl./4V replacing 6 cyl. 8.0 6 0.48 12 0.96

4 cyl./4V replacing 4 cyl. 5.0 20 0.50 50 2.50

Multl-potnc fuel injection (over TBI) 3.0 40 1.20 40 1.20
*

Front wheel drive I0 0 5 0.50 13 1 30• .

5-speed auto. transmission" 2.5 20 0.50 40 1.00

Continuously variable transmission" 2.5 20 0.50 40 1.00

Advanced engine friction reduction 2.0 IO0 2.00 I00 2.00

Electric Power Steering 1.0 5 0.05 30 0.30

Tire Improvements 0.5 20 0.I0 I00 0.50

Total F/E Benefit (%) 12.47"" 22.22""

Unadjusted CAFE (MPG) 31.5 36.8

Note" Product plan scenario starts from a different 1995 base than the maximum technology scenario which

holds performance and size constant at 1987 levels.

" Over 4-sp_ed auto transmission with lock-up.

"" Synergy of intake valve control with 5-speed/CVT transmissions results in a loss of 2 i)ct'cent i,i tm-I
economy.
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3. CALCULATION PROCEDURE REVISIONS FOR FUEL ECONOMY ESTIMATION

3.1 OVERVIEW

All of the analysis from 1995 and 2001 involved a relatively simple method fo=

forecasting fuel economy. Technology benefits were derived as additive

percentage changes in fuel economy with synergy and non-additivity handled

exogenously (as adjustments to the individual factors) to account for such

effects. It can be easily seen =hat the additive method is more conservative

than the multiplicative method, since

i + _r_ < _ (I + r_)

where ri is the individual technology benefit. This is because all of the

second order terms in the products are positive, giving rise to a greater

benefit estimate than the estimate derived using the additive method.

In reality, the situation is more complex since many factors affecting fuel

economy such as weight reduction, drag reduction, etc. do cause additive

benefits. Other technologies, such as engine the_--malefficiency increases and

reduction in drivetrain loss, produce multiplicative benefits. As a result,

neither method yields accurate results, but the differences are small when

benefits of each technology are below I0 percent. In order to resolve the

problem of an overly conservative prediction, the method utilized historically

by ErA was =o update the "baseline" from which benefits are calculated over

the period of a product cycle. Each time a new car model is brought out with

a package of technologies, the new vehicle MPG becomes the "baseline" from

which MPG effects are calculated in the ErA model. This method minimizes

error by not having to refer back to a (non-existent) base year model for

technology benefit calculations, and results in a better approximation of the

actual engineering effect.

Clearly, the method is an approximation to make the calculations relatively

simple, yet yields results that have been accurate to tO.2 HPG, historically.
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In projecting a maximum technology boundary case co the post-2000 rime frame

it was believed _hat these approximations could cause larger errors and a more

rigorous engineering model was required. The model iz described below.

3.2 ENGINEERING MODEL

The model follows the work of Sovran I/z/who produced a detailed analysis of

tractive energy requirements on the EPA fuel economy _est schedule, i.e., _he

city cycle and the highway cycle. Each driving cycle specifies speed as a

function of time. The force required to move the vehicle over the driving

cycle is easily derived from the Newton's laws of motion:

F - M dv/dt + K + D

where F - the force required

M - the vehicle mass

dv/dt - the acceleration rate

R - the tire rolling resistance

D - _he drag force

By simple algebraic manipulation ic can be shown chat:

A v2 -- (I)
F - Mdv/dt + gMC R + CoQ "_-

where CR is the rolling resistance co-efficient

CD is the drag coefficient

g, Q are the gravitational acceleration and air density respectively.

Since V is spec%fled as V(t), and the energy required is the integral of

E - F. ds

- F.v. dr.

In the car, energy is provided only when F is greater than zero, while energy

during deceleration is simply lost to the brakes. Taking these factors into

account, Sovran and Bohn z/ showed that energy per unit distance (S)

EIS - -MC. + _ CoA + 8M --- (2)

3-2



where _, _ and b are constants virtually independent of vehicle charac=eris.

tics, but are different for the city and highway cycle. In essence, each term

represents one component of the total force, the first representing energy to

overcome tire rolling resistance, ER, the second to overcome aerodynamic drag,

EA, and the third to supply kinetic energy of acceleration, Ek. In the absence

of acceleration (during steady speeds) Ek is zero. Figure 3-i shows the drag

and the rolling resistance forces for a typical car at steady state cruise, as

well as the driveline loss described below.

Sovran I/ also related tracuive energy to fuel consumption by adding the work

required to drive accessories, and the energy wasted by the engine during idle

and braking. He defined _he average engine brake specific fuel consumption

over the _est cycle as bsfc, and derived _he following equation

FC - bsfc [Er + E^ + Ek] + bsfc EAC

n d + Gi (t_ + tb) .... (3)

where q d is the drive train efficiency

E_ is the accessory energy consumption

Gt the idle fuel consumpuion rate

t_,_b the _ime a_ idle and braking in _he _est cycle.

The above equation shows tha_ reductions in rolling resistance, mass, drag and

accessory energy consumption, and idle fuel consumption cause additive

reductions in fuel consumption.

The engine output energy is supplied to mauch _he tracuive energy require-

ments. If uoual energy required is defined as

E - ..i..[E^ +.ER + Ek] + EAC . . . (4)
q d

then E - 5HP.t (engine power output)
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FIGURE. 3-1
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Engine output power can be fur=her decomposed to provide explicit recognition

of engine internal losses. There are no conventions regarding the

nomenclature of such losses. In general, the engine has two types of losses,

one arising from the thermodynamic efficiency, aT, of combustion and heat

recovery, and =he second due to friction, both mechanical and aerodynamic.

Aerodynamic friction is more usually referred to as pumping loss. A _hird

component =hat is sometimes excluded from the engine efficiency equation is

the power required =o drive some internal accessories such as the oil pump and

_he distributor, l=ems such as the water pump, alternator and fan are usually

(though not always) classified under accessory power requirements. In this

analysis, power for all accessories - both internal and external - are

classified under accessory power requirements and =he following relationship

holds :

BHP - IHP .(i - P - F=) . . . (5)

W_ere IHP is indicated horsepower

P is the pumping loss fraction

F= is the mechanical friction loss fraction

Since fuel consumption, FC, can be written in terms of brake specific or

indicated specific fuel consumption,

FC - bsfc'BHP.= - isfc. IHP't - k . IHP.t/D r

bsfc - isf_.._£c . . (6)
(I-P-Fr)

Substituting equation (6) into (3) we obtain

_d FC - isf____cc[ER + EA +Ek + Dd E,:]

I-P-F=

+ Gi [_, + :hi • . (7)
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The isfc is principally a function of combustion chamber design and compres-

sion ratio of the engine, and to a lesser degree, the air fuel ratio. Since

nearly all cars operate at stoichiometry, the air fuel ratio is currently no=

a factor but could become one if "lean-burn" concepts are utilized.

Pumping losses are dependent principally on the relative load of the engine

over the cycle. The larger the engine for a given car weight, the lower the

load factor and the higher the pumping loss due to throttling. Pumping losses

are also incurred in the intake and exhaust manifolds and valve orifice. The

use of tuned intake and exhaust manifolds, and greater valve area (e.g. by

utilizing 4 valves/cylinder) reduce pumping losses. Losses other than

throttling loss are not unimportant in the contribution to overall pumping

loss.

Engine mechanical friction is associated with the valve train losses, piston

and connecting rod friction, as well as the crankshaft friction. At low KPM,

I valve train friction is quite large as a percent of total friction, buti

decreases at higher RPM, while piston/connecting rod friction increases

rapidly with increasing RPM. Total engine friction increases non-linearly

with engine KPM.

Idle fuel consumption is also affe_¢ed by changes in engine parameters. At

idle, all of the fuel energy goes into driving the accessories and overcoming

pumping and friction loss, since there is no output energy requirement.

Hence, decreases in pumping loss or mechanical friction result in much larger

percentage reduction in fuel consumption at idle than at load.

Mitsubishi provided data on the general components of friction of the engine

as shown in Figure 3-2. The pumping loss shown here is due to internal

airflow and not due to throttling. At closed throttle idle pumping loss is

approximately equal to frictional loss. Mitsubishi also provided data on the

effect of reducing valve =rain friction on fuel consumption at various speeds•

As can be seen in Figure 3-3, =he effect is very large at idle, over three

times the effect at i00 km/hr cruise.
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FIGURE 3-2
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FIGURE 3-3
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Equation 7 also shows the general structure of the calculation procedure. A

simple differentia=ion of (7) yields'

+ E___. _ + . . . + . . (8)

E^+ER+Ek +_]d EAc E^

where each derivative is expressed as a percentage change. Thus, a one

percent change in thermal efficiency translates to a one percent change in

fuel economy, but a one percent change in pumping loss must be weighted by the

fraction _hac pumping loss is of total output energy. Similarly, aerodynamic

tractive energy change must be weighted by =he fraction chat aerodynamic

energy loss is of coral tractive energy.

Two observations are required at this point. First, equation (8) assumes char

the vehicle can be reoptimized for any change, so that engine variables are

not affected by tractive energy requirements. As pointed out by Sovran, this

is noc always possible. For example, aerodynamic losses are near zero at low

speed buc high at high speed. Hence, an engine cannot be simply downsized as

aerodynamic loss is reduced, since =he smaller engine will not have enough

power at low speed. As a result, a higher gear must be added along with

engine downsizing to achieve a correct compromise. In theory, it is possible

to reoptimize the entire drivetrain, buc in practice, compromises cause

significant losses in fuel economy from the attainable maximum. In the long

run, as for 2010, some factors can indeed be optimized =o yield =he full

predicted value, while other factors cannot. For example, it appears unlikely

chat predicted engine friction reduction related fuel savings can be obtained

even by using appropria=e wide ratio transmissions. On the other hand,

rolling resistance decreases may provide =he predicted fuel savings as its

effect is felt uniformly throughout the speed range. Second, the differential
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form in (8) is useful only for small changes in any of the variables (less

uhan i0 percenu) and equation (7) should be used for larger changes.

3.3 REVISEDCALCULATION PROCEDUKE

Hethods to increase the fuel economy (reduce fuel consumption) mus_ rely on

reduction of energy con=ributed by each of the terms shown in Equation (7).

Equation (8) is useful only if =he change in factors is small, but noc

applicable for =he large changes. Fo=uslng on =he terms in equation (7) [= is

easily seen tha= fuel consump=ion is decreased by:

• decreasing friction and pumping loss

• decreasing weigh=

• decreasing drag

• decreasing rolling resistance

• decreasing accessory power consump=ion

• decreasing idle fuel consumption

Of course, a given technology can ac= on more than one of these fac=ors

simul=aneously. Table 3-I shows _he relationships between individual technol-

ogies and the =erms lis=ed in equa=ion (7). Drive=rain efficiency, qd is not

_he major factor in the benefi=s associated with mul=i speed _r_,_smissions;

ra=her, the reduc=ions in pumping and frictional losses are the bigges=

fac=or. It should also be noted =hat mos= engine improvements affect idle

fuel consump=ion, so that idle consumption can be approxima=ed as:

FC - isfc [E_ + E__+ Ez + _d (E__llJ. • ' • (9)

_d [l-P-F=]

Where El is an "equivalent" energy a= idle to drive =he accessories and torque

conver_er. E! is simply a ma=hema=ical artifact _o make _he analysis simpler

for forecas=ing.
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TABLE 3-1

TECHNOLOGY/ENERGY USE RELATIONSHIP

Weight Reduction / /

Drag Reduction /

- speed Automatic / / /

TCLU /

Electronic Trans

Control / /

Accessory

Improvements /

Tires improvement /

5W- 30 oil /

Overhead cam / / / /

Roller Cam

Followers / /

Low Friction

Pis =on/Rings / /

Fuel Injection 4 / /

4-valves/cylinder / / /

In=ake Valve Control / /

5-speed Automatic / /

Elec=ric Power

Steering /
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The relationship be=ween fuel consumption and vehicle variables can be derived

from equation 7 in exact terms if the co-efficients are evaluated for the FTP

and HIGHWAY driving cycles. In fact, Sovran utilized a detailed evaluation of

these cycles to derive =he sensitivity of fuel consumption to vehic'le weigh=,

aerodynamic drag and clre rolling resistance coefficient. The general

characteristics of the two cycles are shown in Table 3-2. One striking factor

is that nearly 41 percent of the time on =he FTP is spent in deceleration or

at idle. In comparison, less than 10 percent of the time on the highway cycle

is spent in braking or at idle. This difference, coupled with the different

speeds and average acceleration rates in each cycle, leads to substantially

different sensitivities between the two cycles.

In order to evaluate the sensitivity of fuel consumption to changes in vehicle

parameters, information is required on the fuel consumption at idle and

braking as well as the fuel consumed by driving accessory loads. Sovran

utilized data on 1979/1980 GM cars and found that idle and braking fuel

consumption was proportional to engine size. As an approximation, he assumed

idle + braking consumption co be a constant fraction of total fuel consumed

and estimated this fraction at 16 percent for the FTP and 2 perdent for :he

highway cycle. He utilized a similar assumption for nhe accessory fuel

consumption fraction, holding it constant at i0 and 9 percent respectively.

This is equivalent to the approach in Equation (9) where the term

[E^c + El] • bsfc is replaced by a constant. Utilizing these assumptions, he

derived sensitivity coefficients that were dependent on the drag to mass ratio

and the rolling resistance coefficient. Using typical value for the average

1988 car, with a mass of 1400 kg (3100 Ib), C0 of 0.37 frontal area of 1.9 mz

and tire rolling resistance of O.Ol, the fuel consumption sensitivity coeffi-

cients are as follows:

CD - 0.28

Weight - 0.56

Cz - 0.24
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TABLE 3-2

FUEL ECONOMY CYCLE CHARACTERISTICS

Urban Highway

Speed (average) kmh 38.4 77.6

Speed (max) kmh 91.5 96.8

Disuance, km 12.0 16.5

Time at idle (s) 249 3

Time of braking (s) 311 57

To=al time for cycle (s) 1373 765

Percen= of =ime an idle and braking 40.8 9.84
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These assume that the engine and drivetrain are adjusted to provide constant

bsf___..&c,a factor which may not be realized in practice. Second, the constants

are dependent to a certain extent oN the assumptions for the fraction of fuel

consumed at idle + braking, and by accessory power demands. (The smaller

these fractions, the larger the sensitivity coefficients).

Since Sovran's analysis relied on da=a from 1980 cars, iu is useful to examin

the changes that have occurred since that time. The biggest change is the

fact that engine displacement has been reduced by a larger amount than weight

reducing the fraction of fuel consumed at idle. The use of multipoint fuel

injection coupled with deceleration fuel shutoff in many cars reduces it

further. Accessory load may have also declined largely because the cooling

fan has been replaced by the electric fan in front wheel drive cars, and the

electric fan is turned on only on a "on-demand" basis. In addition, the othe

accessories such as the alternator, the power steering pump and the water pum.

have been improved over the last decade. It is difficult to say whether the

improvements have resulted in a decline in the percent of energy utilized by

accessories since focal vehicle fuel consumption has also declined signifi-

cantly. Accessory drive energy may have been constant as a percentage of

total energy use, at I0 percent.

As noted, it may be difficult =o realize =he full potential of aerodynamic

drag reduction since engine sizing is dependent on low speed acceleration

requiremen=s where drag is not a factor. However, weight reduction which

reduces Ek and ER may allow a higher level of engine downsizing than projected

largely because drag reduction has exceeded the level of weight reduction ove_

the last i0 years, and its full energy use reduction potential not exploited.

As a result, EEA anticipates that the predicted value for weight and rolling

resistance sensitivity can be realized by 2010 whereas only 75 percent of dra_

reduction related efficiency benefit will be realized.

Sensitivity coefficients for the engine related variables can be similarly

derived from equation (8). One area for which data is very limited is the

fraction of indicated horsepower that is lost in pumping work and friction

3-14



over the composite cycle. In both cycles, average load factors at non-idle

conditions are in the 0.25 to 0.35 range. EEA obtained limited data on P, the

pumping loss fraction, and Fr, the friction loss fraction, and estimates for

both variables were in the 0.2 to 0.25 range. Only one company provided

confidential data showing that P was 0.18 and Fr was 0.21, for a vehicle with

modern overhead cam (2-valve) engine, fuel injection, four-speed automatic

transmission, and vehicle weight to horsepower ratio of 23 ib/hp. This

indicates that 61 percent of indicated horsepower is translated to useful

shaft horsepower over the cycle.

Using the conservative assumption that engine improvements improve bsfc and

idle fuel consumption by the same amount, we obtain the following sensitivity

coefficients:

Thermal efficiency 1.O0

Friction reduction - 0.34&

Pumping loss - 0.295

However friction reduction and pumping loss reduction cannot be completely

translated to efficiency gains as suggested above. Friction benefits at low

RPM do not yield as large an increase in horsepower as at high RPM due to non-

linear rate that friction increases with RPM. The engineering consensus was

that only 0.67 of the benefits could be recovered. Pumping loss, on the other

hand, principally occurs due to throttling, and is less related to engine

wide-open throttle horsepower. Hence, a larger amount of the theoretical

benefit could be realized in actual practice. Again, an engineering estimate

was that 80 percent of the theoretical benefit could be realized.
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Table 3-3 provides a summary of the estimates of the EEA estimated sensitivity

coefficients that may be attained in actual practice, as opposed to the

estimates derived .purely from equation (8). In the application of these

coefficients, it should be recognized that they:

• apply to fuel consumption and not to fuel economy

• can be used only for small variations for any of =he variables
involved.

When large reductions of any variable are likely to occur the preferred form

of analysis is to use equation (7) with a "slippage" factor to account for the

fact =hat theoretical benefits cannot be attained in actual practice for some

variables of concern.
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TABLE 3- 3

ESTIMATED FUEL CONSUMPTION SENSITIVITY COEFFICIENTS

Yariab!e FC SensitivitT"

Weight reduction 0.5A (0.64)'"

Drag reduction (CD) 0.22

CR reducuion O. 23

Thermal efficiency i. O0

Pumping loss O. 23

Friction loss 0.23

Drive=rain efficiency O. 78

Accessory power 0.I0

" Percent reduction in fuel consumption per percent reduction in independent
variable.

°" Figure in parentheses includes effect of proportional reduction of dis-

placement.

3-17



REFERENCES FOR SECTION 3

i. Gino Sovran and Mark S. Bohn, "Formulae for the Tractive Energy Require-

men_s of Vehicles Driving _he EPA Schedule", SAE Paper 81018_, February

1981.

2. Gino Sovran, "Tractive-Energy-Based Formulae for the Impact of Aerodynamics

on Fuel Economy Over the EPA Driving Cycle", SAE Paper 830304.

3-18



4. ADVANCED TECHNOLOGIES TO IMPROVE FUEL ECONOMY

IN THE POST-2000 TIME FRAME

4.1 OVERVIEW

The term "advanced" is used to describe technology chat c_uld broadly become

available in the 2001-2010 timeframe. As with technologies to be introduced

in the 1990-2001 timeframe, each advanced technology could be introduced in

the mid-to-late 1990's in some car models, but their total market penetration

will be limited. At the other end of =he time frame, i= is likely thac even

by 2010, some cars will not feature all of the advanced technology. The

technologies described below span the range of possible mechanisms _o improve

fuel economy, as defined in Set=ion 3 of this report. Host of the information

on these technologies came from detailed interviews with Toyota, Honda and

Nissan in Japan and VW in Europe. These corporations provided both qualita-

tive and quantitative inputs for the analysis. In addition, the trade press

and SAE publ_ ations provided additional inputs into areas not covered in the

auto indusr meetings. The technology feasibility is judged in the context

of prototypes =hat are displayed by manufacturers co showcase advanced

technology.

For each technology, EEA has defined likely fuel economy benefit level for

2010 as a well as maximum possible level that represents the most optimistic

view on each technology. The individual technologies and their specific

benefits are noted in terms of their impact on the various contributors co

energy consumption. Translation on these effects into a net fuel economy

impact is considered in Section 5.
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4.2 WEIGHT REDUCT_0N

In general, weight reduction can be achieved by two techniques.

• substitution of lighter, advanced materials.

• improved packaging efficiency by design improvements.

These processes have been occurring in new models throughout the 1980's,

though the late-1980's has seen a reversal of the improved packaging

efficiency trend.

In order to estimate the weight reduction possible by 2010 through the use of

adv'_,Lced materials, a detailed review of available literature was completed.

The articles described the total weight reduction possible from current (early

1980 designs) with no change in packaging. Among the earliest reviews was a

comprehensive 1980 study by DOT whose results were reported in Hsia and

Kidd. I/ The study examined weight reduction for a Chevrolet Impala, Dodge

Omni and Ford Fairmont. The first two cars were still in production in 1988

largely unchanged from their design in the late 1970's that was used as the

basis for the Hsia and Kidd analysis. This study reported that significant

weight reduction was possible in two cases -- an aluminum dominant case and

hybrid composite plastic case. The results of the analysis showed that an

aluminum dominant design could reduce vehicle weight by 18 to 22 percent while

the extensive use of composite structural plastics could reduce weight by 27

to 32 percent.

Table 4-i shows =he change in material use between 1976 and 1988. In 1988,

plastics accounted for 7.15 percent of the weight of the car, up only slightly

from the 6.A percent in 1982. Most current plastic applications are for

interior components or for front and rear fascias, and very little plastic

composite material is used either for outer body panels or structural mem-

bers." Until the introduction of the Chevrolet Lumina APV (and its sister

Oldsmobile and Pontiac models), plastics in exterior panels was limited to the

" The now discontinued Pontiac Fiero was the sole exception.
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TABLE 4-i

MATERIAL USE IN DOMESTIC

CARS (ibs)

9._ 1980 1984 1988

Carbon steel 2075.0 1737.0 1526.0 1440.0

High strength steel 120.0 175.0 210.0 232.0

Stainless steel 28.0 27.5 28.5 31.0

Other steels 56.0 54.0 54.0 45.0

Iron 562.0 484.0 481.0 459.0

Plastics/Components 162.5 195.0 204.0 223.0

Aluminum 85.5 130.0 136.5 149.0

Glass 87.5 83.5 85.5 85.5

Copper 35.0 35.0 43.5 49.0

Lead 25.0 23.0 24.5 23.0

Zinc castings 44.0 20.0 17.5 19.5

Powdered materials 15.0 17.0 18.5 21.0

Rubber 153.0 131.0 138.0 134.0

Other materials 122.0 73.0 75.5 80.5

Fluids/Lubricants 190.0 178.0 189.0 178.0

Total _ '3363.0 _

SOURCE: Metal Working News
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Corvette, and a few specialized applications such as fenders for the Buick

Reatta and Cadillac, and spoilers for the Camaro and Mustang. The term

plastic itself embraces a wide variety of materials and, therefore, can mean

different ma=erials in different applications.

W_ile the technology of plastics is still in evolutions, there is considerable

interplastic competition for specific parts. The current market is dominated

by sheet molding compound (SMC), polyurea, and nylon/polyphenylene ether. SMC

is used for horizontal panels and polyurea RIM (reaction injection molding)

for vertical panels. Typical weight reduction cited for the components are as

follows:

' SMC hood and deck lid 20 to 30 percent

compared to steel

, Fenders from RIM processed polymers 40 to 50 percent

compared to steel

• Polyethylene gas tanks 25 to 30 percent

lighter than steel

• Composite Wheels 25 to 30 percent
over steel

I0 to 15 percent

over cast aluminum

Plastics for structural stress bearing parts have not yet been placed in

production, but a detailed analysis of such structural plastics is being

conducted by a joint industry effort. Current SRIM (Structural Reaction

Injection Molded) parts do not have the required surface finish due to the

high content of glass fibers. The Corvette has an all plastic bumper in 1989

where the structural beam is also of plastic composite material. In _his

application, GM has shown an 18 percent weight reduction, combined with a

material and labor cost reduction of 14 percent, zl A custom molder (Detroit

Plastics Molding) has created a radical all plastic bumper, using a thermo-

plastic fascia, with a structural plastic backing member and energy absorbing

foam. Weight reduction of over 30 percent is claimed. Ford is working on an

composite structure for its Ford Taurus, and the Ford project manager Dr.

Beardmore 3! has stated that a structural weigh= saving of about 50 percent was

possible.
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All of the above weight reduction efforts refer to fiberglass reinforced

plastics (FRP). The more exotic graphite fiber reinforced plastics (GRP) has

very high weight saving potential of up to 50 percent for structural parts.

However, the technology of GRP for mass production may not be ready by 2010

and its costs may continue to be very high. It should be noted that the

potential for such large weight reduction exists, and may be possible by 2010.

Under =he hood parts have been largely confined to metals, bu= even here,

plastics are making inroads. Among the uses that will occur in the next few

years are:

* Engine valve covers (nylon molding)

• Throttle body (phenolic compound)

, * Intake manifold (Thermoset polyester resin)

The components above do not amount to a large absolute weigh_ saving (only

about I0 Ibs total) but are 25 to 35 percent lighter than cast iron/stamped

steel parts. An all plastic engine block has been demonstrated, and the

entire all plastic engine from Polimoter weights nearly 40 percent less than

an equivalent cast iron block/aluminum cylinder head engine. The cost

effectiveness and the durability of an all plastic motor is not yet well

understood but the technology is possible for 2010.

The weight savings possibility of aluminum is also of great importance.

Currently, aluminum is used primarily in radiators and for pistons, while a

few sporty models offer cast aluminum alloy wheels as an option. The use of

aluminum for =he engine is still largely limited to cylinder heads and only

about 35 percent of all domestic engine featured aluminum heads in 1988. The

only domestic engine using an aluminum block in 1988 was the Cadillac 4.5

liter engine; oddly, this engine uses cast iron heads. The Cadillac engine

weighs 18 percent less 4/ than an equivalent castoiron block engine; with

aluminum heads, the engine weight reduction over a cast iron engine will be 22

to 25 percent. (This is based on a fully "dressed" engine with all accesso-

ries). In addition, the use of plastic intake manifolds, valve covers and the

oil pan, along with the reciprocating part weight reduction can reduce total
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engine weight by 25 percent° Weight reduction for reciprocating parts also

results in friction reduction and is discussed in that context in Section &.5

Finally, the packaging efficiency, or the efficiency of design, is also of

importance. For a giving level of interior room, it is possible to design a

car structu=e very efficiently. One measure of packaging efficiency is the

weight per cubic foot of interior room, not considering trunk volume. Table

4-2 shows this measure for a variety of "notchback" sedans, where the interio

room is based on the reported value in the Gas Mileage Guide, and the weight

is for a car equipped with automatic transmission and air conditioning." In

_ general, most front-wheel drive vehicles attain an efficiency of 30 lb/cu, ft

or less while older rear wheel drive vehicles are at 35 ib/cu, ft. In

general, the larger sizes have lower packaging efficiency because of large

front and rear overhang, and also because larger cars have more options such

as power windows, power seats and sound insulation. Sports and luxury cars

have the lowest packaging efficiency, since they offer other attributes rathe_

than space as their primary sales pitch.

The range of values illustrated in Table a-2 by market class shows consider-

able in-class variation, suggesting significant potential for reducing the

average weight per cubic foot simply if The best of today's cars are emulated

by their competitors. Unfortunately, current trends are actually going the

other way, with cars becoming heavier and more powerful. Under a maximum

technology scenario, it can be hypothesized that the cars could be redesigned

by 2010 to maximize efficiency.

Clearly, the packaging efficiency based improvements Will vary by market

class. In mlnicompact and subcompact cars, the potential To increase effi-

ciency is though_ _o be small, 3 to _ percent. Packaging for the large and

" The table also includes any effects arising from material substitution buc

most cars do not differ significantly from the average material content
level in 1989.
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TABLE 4-2

PACKAGING EFFICIENCY OF 1989 CARS (ib/cu. ft.)

Mar.ke _ Class _ Worse

Minicompact 23.5 28. l

Subcompact 23.2 30.5
L

Spor_s 32.5 _0.0

Compac_ 27.0 31.5

Intermediate 26.0 55.4"

Large 29.5 34.5

Luxury 30.5 °" 37.8

° Some Japanese intermediate are sold as "near luxury" cars, and have

packaging efficiency ra_ings more in line with the luxury class.

°" Front-wheel drive Cadillac with aluminum engine.
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luxury cars could lead =o a 12-15 percent improvement in efficiency (i.e. a

decrease in ib/cu, ft.). A fleetwide average packaging efficiency benefit of

6 to i0 percent is clearly possible. Manufacturers have displayed prototypes

of "space maximizing designs" Nissan has unveiled the Boga, an urban car

whose interior dimensions make i= very nearly an intermediate, but its

exterior is the same size as a typical subcompact. The car is marked by very

little front and rear overhang, and =he shape is unusual.

As noted, some components like the seats or the door padding cannot be reduced

in weight, but for a typical car with uni= body construction the weigh=

breakdown of major components is as follows:

Body Structure 42 - 47%

Engine (dressed) 12- 16%

Tires and Wheels 7 - 8%

Bumper 3%

Drive Train (RWD) 5 - 6%

While the weight of the propeller shaft, rear differential and drive axle can

be largely eliminated with front-wheel drive designs, other components where

weight can be reduced 25 to 40 percent account for 65 to 75 percent of the

total weight of the car. This suggests a weight reduction potential of 18 to

30 percent from material substitution alone is possible, while another 3 to 10

percent (depending on car size) is available from packaging efficiency. These

overall estimates are in good agreement with the 1980 DOT study. In addition,

Honda provided data showing an upper limit for their cars of 25% weight

reduction, largely from material substitution. VW research 5/ also confirms

the weight reduction available from an aluminum intensive car design, as shown

in Figure A-1.
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FIGURE 4-1
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4.3 AERODYNAMIC DRAG

Aerodynamic drag force is dependent on both the co-efficien_ of drag, Co, and

frontal area. Aerodynamic drag reduction can be better estimated than Total

weight reduction because both Co and frontal area data are tabulated for many

cars, and there has been considerable literature in The trade press and

engineering journals on low drag shapes.

Ford, an industry leader in aerodynamic research, has unveiled a series of

prototypes cars called Probe I, If, III, that have demonstrated progressively

lower drag coefficients. The latest has a published Co of 0.14, but such a

vehicle may not be practical in terms of production and consumer acceptance.

A practical small car, the Renault VESTA2 demonstrated a CD of 0.19 and a

frontal area of 1.55m 2. In comparison, the best cars today have displayed a

Co of 0.3 with a frontal area of 1.8 to 2.1 m2. Of course, the frontal area

is related to cars' size, or more accurately, the width and heigh_ of the car.

One production model, introduced in Europe in 1990 (the opel Calibra), claims

a Co of 0.26.

Japanese automanufacturers and European automanufacturers have shown several

advanced prototypes with a Co of 0.24 to 0.26. 61 These include the following:

• Intermediate - Nissan NEO-X (Co - 0.26)

• Subcompact - Citroen Activa (CO - 0.25)

• Sports - Toyota SERA (Co - 0.2_)

• Sub/mlnicompact - Toyota AXV (Co - 0.26)

• Compact - Toyota EXV (C o - 0.24)

• Compact - N£ssan UV-X (Co - 0.25)

Toyota and Nissan stated chat a practical average Co for 2010 may noc be lower

than 0.24, while Honda optimistically projected 0.20. Frontal area reductions

may range from zero for small cars to 5 percent for larger cars, although _his

may impact cusEomer comfort rela_ed attributes. EEA projects tha_ Co of
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0.2]-0.24 will be attainable by 2010, while a minimum Co of 0.19 or 0.20 may

be feasible. Optimistic estimates for frontal area reductions range from zero

for subcompacts to 5 percent for large cars, although the most likely scenario

suggests that it will remain unchanged.

4.4 DRIVELINE AND TIRE LOSSES

Energy lost in the transmission, axle gears, wheels and =ires can be reduced

to provide fuel economy benefits. The torque converter in an automatic

transmission with full lock-up provides efficiency nearly comparable to a

manual transmission and further gains may be unlikely or very difficult to

attain. Toyota has recently shown a high efficiency torque converter design

but mo_t of these improvements will likely occur by 2000.

Brake drag still exerts a significant force on the wheels. A typical produc-

tion di&k brake exerts a rolling resistance of 16 to 24 in-lb. 7/ This can be

almost completely eliminated with drum brakes although drum brakes have

problems related to heat dissipation and fade under heavy braking. It is

possible that new designs may solve the brake drag problem for disc brakes

without need for a new drum brake design. Zero brake drag can cut rolling

resis=ance losses by 5 percent.

Tire rolling resistance has been iDcreasing lately with the greater use of

wiaer (low aspect ratio') tires better suited for handling and performance.

In the 2000-2010 time frame improved polyester compounds, better tread design

and tire weight reduction can lead to lower rolling resistance. One possibil-

ity is the plastic injection molded tire. Such a tire would largely eliminate

the internal belted construction of today's tires that account for the energy

dissipation in the rolling mode.

Current =ires have rolling resistance co-efficient 8/ in the range of 0.008 to

0.012 with an average of about 0.0090. Detailed data on Ca (rolling resis-

" Low Aspect Ratio by itself does not increase rolling resistance.
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tance coefficient) is not widely available, and the coefficients are largely

derived from limited data on tire tests conducted by the EPA. Based on

communication from Dunlop, it appears that a rolling resistance reduction to

an average of 0.0075 is possible without significant loss in traction and

handling from the 1988 baseline. (Of course, current trends may cause rolling

resistance to increase). All plastic tires may have rolling resistance as low

as 0.006, although the durability and handling properties are not yet well

understood.

4.5 CONVENTIONAL ENGINE TECHNOLOGY

The current automobile engine is in a high state of maturity, and further

improvements will be largely evolutionary. The components of engine efficien-

cy are thermodynamic efficiency, reduction in pumping loss and reduction of

engine mechanical friction.

The thermodynamic efficiency of the engine can be improved by changing the

shape of the combusu£on chamber and increasing the compression ratio. "Fast-

burn" heads have been largely incorporated into most of the 1988 fleet. The

more compact combustion chamber geometry possible in a four valve engine,

along with central spark plug location allows some improvement in compression

ratio, CR, from the 9.0 level prevalent in 1988 to a 10.0 level by 2001. Data

supplied by Nissan compared the effect of increasing compression ratio from

8.0 to 14.0 at stoichiometric A/F ratio. Increasing CR from 9 to l0 will

improve fuel economy by 2 percent, as shown in Figure A-2. A practical limit

of CR is around ll.O, and all Japanese manufacturers suggested that this would

occur by 2010, for a net fuel economy benefit of 3.0 percent over the 1988

baseline. Increasing thermal efficiency is also possible with variable

compression ratio. Volkswagen modified a Golf GTI car engine with a variable

compression device, allowing CR to be varied between 9.0 to 15.0. 91 Such a

system was found to increase fuel economy on the ECE test cycle b/ 14.5X

(decreasing fuel consumption by 12.7X), and 90 km/hr constant speed fuel

economy by nearly 17 percent. However, the ability of such a concept to meet

future emission standards is not yet well understood.
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FIGURE 4-2

EFFECTS OF HIGH COMPRESSION RATIO



Lean operation which improves thermodynamic efficiency and decreases pumping

loss results in a five to six percent improvement in fuel economy, as shown in

Figure 4-2. For a lean-burn engine operating at II.0 CR, this implies a =oral

benefit of 9 percent in fuel economy relative to the current 9.0 CR baseline

and stoichiometric operation. It is difficult to decompose this into pumping

loss reduction and improved thermodynamic efficiency, but an estimate is that

pumping loss is reduced by twenty percent, while thermodynamic efficiency

increases four percent.

Other methods to decrease pumping loss involve use of multi-speed transmis-

sions that allow the engine to operate at a slower speed and a higher local.

Many vehicles in the 1988 baseline utilize A-speed automatic transmissions.

The use of 5-speed automatic and 6-speed manual transmissions will occur by

2000-2005 lzrgely to take advantage of the lower power requirement at highway

speeds from drag reduction. The synergistic effects of multi speed

transmissions and drag reduction are difficult to translate into the compo-

nents of reduced pumping loss, reduced engine friction as well as the more

obvious drag reduction. At highway sp, eds, friction reduction could be

proportional to the reduction of engine RPM of (typically) i0 to 20%. Since

the load on the engine is increased proportionately, pumping loss at highway

speed will be reduced, and the magnitude of the reduction is about 10 percent.

Intake valve control reduces pumping work primarily at low loads by changing

the valve timing. This technology is expected to be widely used by 2000 and

its characteristics have been extensively documented in other reports, and are

not repeated here.

Friction reduction will occur from the use of such items as roller cam

followers, reduced piston ring tension, improved manufacturing tolerances and

the use of 5W-30 oil or synthetic lubricants. In ad=ition, friction and

energy use in the valve train will be reduced by decreasing the weights of

various reciprocating components. At the meeting with EEA, Toyota provided

detailed estimates of part by part weight reduction as shown below:
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• Titanium valves 40 percent lighter than steel
valves

• Ceramic valves o 60 percent lighter than steel
valves

, Titanium alloy valve 60 percent lighter than steel,

springs with a 20 percent height
reduction

• Plastic/metal camshaft - 20 to 30 percent lighter than
steel camshaft

• Composite (metal matrix) - 30 percent lighter than steel

connecting rod
• Aluminum Lifters 40% lighter than steel

• Ceramic shims - 60% lighter than steel, higher
wear resistance

• Composite Fiber Rein- - 25% lighter than aluminum
forced Magnesium Piston piston

• Two ring piston - Eliminates second compression
ring.

As can be seen, most reciprocating parts can be reduced in weight by 25 to 60

percent. The net contribution to reduced friction and wasted energy is not

large, but the weight reduction also lower shaking forces, making the use of

the four cylinder engine more attractive from the consumer acceptance point of

view. Honda provided data showing that internal friction is reduced by about

I0 percent per decade, as in Figure 4-3. This estimate does not include the

effect of pumping loss as part of the total frictional load. In addition,

friction reduction from reducing the displacement or running the engine slower

is not included.

It is also possible to increase engine specific output further, both by the

inclusion of variable valve timing and by using five-valve per cylinder

technology as opposed to the conventional 4-valve technology. Five valves per

cylinder provides a gain of 20 to 25 percent in total airflow area and output

levels of 80 to i00 HP/llter are achievable for 5-valve/variable valve timing

combination. I°! However, the system is both complex and may not have enough

low end torque for common applications. The offsetting advantages of the

4-15



'_l'lJ'_li • .'tJ _11IU.%

I r .i A

........................ t £



five-valve design are that it provides greater flexibility in selecting spark

plug diameter. Bore diameter can be reduced I0 percent if the same valve area

is desired, with a correspondingly compact combustion chamber. The five-valve

engine investigated by Yamaha provides a i0 percent improvement in high speed

volumetric efficiency over a 4-valve design. The mass of each valve dropped

by 12 percent, reducing valve train loss, and increasing redline RPM. Such a

system could be utilized in sports and luxury cars.

One technology that was utilized briefly by GM (in 1982) bu= dropped after a

year, is modulated displacement. This technology results in closing off

valves of some cylinders under part load condition. This idea has been cried

in numerous forms, starring with fuel cutoff to the cylinders and ranging up

to the variable displacement type engine. The valve shutoff method reduces

both pumping work and friction losses in the valve train. Mitsubishi has

recently unveiled a modulated displacement engine in Japan _! and provided

data on fuel economy benefits for range of intermediate concepts as follows.

• Fuel shutoff - 26% at idle, 8% at 60 km/hr

• Fuel shutoff and EGR - 37% at idle, 8% at 60 km/hr

• Fuel shutoff and - 37% at idle, 8% at 60 km/hr
unthrot=led air

• Valve deactivation A2% at idle, 16% at 60 km/hr

The percentage improvements are based on shutoff of 2 cylinders of A. All of

the fuel shutoff/valve deactivation concepts do not have favorable synergy

with other concepts discussed such as lean burn, or intake valve control.

Hence, the modulated displacement engine benefits can be largely duplicated by

other methods which may be simpler to implement or produce better

driveability.
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In summary, the following improvements are possible for conventional spark

ignition engines starting from the 2000 baseline of a A-valve engine with

valve lift and timing control.

• 5-valve engine increased specific output reduced pump-

ing loss

• CR increased to ii.0 - improved thermal efficiency

• Variable CR - optimized thermal efficiency

• Lean Burn - Reduced pumping loss small increase in
thermal efficiency

• Two ring piston - reduced ring friction

• Lightweight ceramic - reduced friction

or composite material reduced valve gear energy loss

reciprocating parts

Of the above, variable CR and lean burn can be considered as the most diffi-

cult to achieve. A more detailed characterization of engine improvements is

provided in Table A-3, which provides estimate of pumping loss and friction

loss reductions.

4.6 ALTERNATIVE ENG%NES

Although a wide variety of engine types have been researched, the current

consensus is that there are only three viable alternatives =o the current

conventional gasoline engine. These are the:

• Direct injection stratified charge engine (4-stroke)

• Two-stroke engine

• Diesel engine

The direct injection stratified charge engine has been heavily researched, and

almost went into production in the early 1980's as Ford's PROCO engine. Its

principle advantage ires in its ability to run at very lean air-fuel ratios,

thereby enhancing thermal efficiency and decreasing pumping loss. However,

the conventional engine with variable valve timing, more modest lean burn and

possibly, variable compression ratio, can provide a large fraction of the
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TABLE 4- 3

SUMMARY OF ENGINE IMPROVEMENTS

Therma,l Ef.fici.encYImprovement % Change in _I.

1988-2001 Increase CR to i0 (4 valve) +2.0

2001-2010 Increase CR from i0 to ii +1.2

Variable CR from II CR +2.0

Lean Burn +1_._5

Total 1/ 5.29/6.87

P_!mPing Loss Reductipn % Chan_e _n P

1988- 2001 A-valve engine -i0.0

Intake valve control" -30.0

5-speed automatic" -7.0

2001- 2010 5-valve engine -i0.0

Lean Burn" -25.0

Modulated displacement"

Total 2/ 45/66

Fric_i..onLoss Reduction % C.han_e _,n F:

1988-2001 Roller cams -I0 to -15

Low Tens ion Rings -i0.0

Low Mass Advanced Piston -2.5

A-valve valve wt. +2.5

Improved manufacturing/design -5.0

5-speed automatic -5.0

2001- 2010 Ceramic valves/titanium spring -2.5

Two Ring Piston -5.0

5-valve engine -2.5

FRM Piston/con rod -2.5

Total 36- 39.3
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TABLE 4-3

SUMMARY OF ENGINE IMPKOVEMXNTS

" (Continued)

6s_umed Baseline for Improvements

_se EnKine: 2-valve OHC engine, 9.0 CR, 50 BHP/I

Transmission: 4-speed auto transmission

Vehicle: WT/HP Ratio - 23 Ib/hp

Pumpin z loss fraction - 0.18

Friction los s, fr_ction - 0.21

I/ With and without lean burn.

2/ Wi_h and without lean burn/modulated displacement.

3/ No_ combinable directly with other technologies marked wi_h asterisk.
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benefits associated with direct injection stratified charge in a more simple

and less costly way. As a result, the 4-stroke direct injection stratified

charge engine appears unlikely to provide significant additional fuel economy

benefits, although its costs are high.

The advanced two-stroke engine has been in the news lately, and differs from

the conventional two-stroke inhaving direct injection of fuel, in addition to

forced scavenging. The combustion process is similar =o the direct injection

stratified charge four-stroke engine. The two-stroke, by virtue of having one

power stroke for each revolution, has a significantly higher level of power

output per unit to displacement, in the range of 80 to 100 HP per liter. In

addition, the higher frequency of power strokes reduces torque fluctuations

considerably, by a factor of 50 percent. The engine produces high torque at

low speeds, in contrast to A-stroke engines with 5 valves per cylinder where

the increase in horsepower at high RPM is not matched by the torque increase

at low RPM. The inherent smoothness allows a three cylinder 2-stroke engine

to replace a six-cylinder A-stroke engine with virtually no change in NVH

(noise, vibration, harshness).

The lower weight and reduced friction of the smaller three-cylinder engine is

further augmented by the absence of a valve train in some designs. Toyota's

2-stroke utilizes a four-valve design that does not have the friction advan-

tage of a port-type design. Offsetting these advantages however, are:

• The reduced thermal efficiency of the two-stroke cycle

• The need for a supercharger/blower for forced scavenging

• The need for a high pressure fuel injection pump with addition-
al air for atomization

• A potential increase in piston friction associated with need

for a large piston skirt.

Over and above the mechanical questions are the questions about the ability o!

theengine to comply with emission regulations. Due to forced air scavenging,

the exhaust stream is lean, and three-way catalysts to reduce NO, is not yet
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an applicable emission control technology. This problem may be solved with

better control of airflow and ic appears possible that the engine can meet

future NOx standards with further development.

The benefits of the engine in terms of fuel economy are difficult to predict.

First, the engine power output and low end torque suggest that a smaller

engine with fewer number of cylinders (with reduced friction) can be used to

replace a conventional four-stroke engine. Second, the direct injection

system can be used for lean burn. These factors could be offset by the

supercharger drive energy and the reduced thermal efficiency due to incomplete

gas expansion. The range of possible fuel economy benefits are as follows, in

comparison to a 4-valve/4-stroke engine:

Effect of weight reduction +2 to +4

Effect of friction reduction +3 to +5

Direct injection/lean burn +6 to +9

Decreased thermodynamic efficiency -2 to -A

Scavenging air flow energy -2 to -A

Net Benefit 7 to I0 percent

The net benefit estimate is in accord with the limited published data. Thus,

the benefits are comparable to a 5"-valve engine with variable valve timing at

the conservative end of the benefit range, or 5-valve direct-injection lean

burn engine at the optimistic end. However, it must be noted that the two-

stroke engine could provide these benefits at a lower cost, if technical

problems are overcome.

Diesel engines are the proven technology for large fuel economy benefits,

although with attendant drawbacks on weight, specific output, and emissions.

Nevertheless, it is interesting to compare the performance of diesels relative

to gasoline e_glnes of "equal" performance. It is difficult to obtain an

exact comparison since the diesel engine has better low RPM torque character-

istics and poorer high RPM torque characteristics relative to gasoline

engines. Table 4-4 shows the fuel economy comparison for the only A ratlines
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TABLE 4-4

COMPARISON OF DIESEL/GAS FUEL ECONOMY - 1987 CARS

Ford Escort Mercedes 190 2.3/2.5D Mercedes 260E/300D Peugeot 505
Gas Diesel Gas Diesel Gas Diesel Cas Diesel

Type OHC OHC OHC OHC/Turbo OilC OHC/Turbo OHC OllC/Turbo

Displacement 113 122 140 152 158 183 120 152

Horsepower 84 58 130 123 158 143 97 95

Torque (ft-lb) 105 84 146 162 162 195 116 133

Test Weight 2625 2875 3250 3375 3625 3750 3375 3500
!

Dyno HP 7 5 6 8 8 2 82 7 5 7 5 I0 3 I0.3• • • ° . . •

Transmission M5 M5 A4 A4 A4 A4 L4 L4

Axle Ratio 3.52 3.52 3.27 2.65 3.27 2.65 4.11 3.89

City F/E 31.4 40.7 23.0 31.5 21.6 28.7 22.3 27.2

llighway F/E 47.2 57.3 30.7 41.5 29.9 37.9 30.5 35.9

Composite F/E 37.0 46.8 25.9 35.3 24.7 31.8 25.4 30.5

Diesel Benefit (%) -- 26.5 -- 36.3 -- 28.7 -- 20.1



available in 1987 in which the diesel was an opticn. The comparisons of the

two Mercedes cars and the Peugeot 505 are very close to meeting the constant

performance criterion, and it can be seen that a turbocharged diesel provides

20 co 30 percent better fuel economy even after accounting for the weight

penalty. It can be argued that the larger benefits for Mercedes models are

because its gasoline models are noc optimized for fuel economy; the Peugeot

diesel, however, obtains a 4 percent lower fuel economy than the more powerful

and heavier Hercedes diesel and the diesel engine appears to be less efficient

than possible. The diesels shown in the table are all of the indirect

injection or prechamber type. More recently, the direct injection (DI) diesel

has seen limited passenger car application in Europe. The DI diesel, long

used in heavy truck applications, was raced by VW and Mercedes as being 12 =o

15 percent more efficient than the prechamber diesel. Previously, the engine

had problems meeting NOx standards and particulate emission standards current-

ly in force. These problems have been largely solved; Audi is planning the

introduction of a DI diesel in the U.S. for model year 1991.

European manufacturers believe that at constant performance, the following

benefits are obtained over a gasoline two-valve engine.

, Naturally aspirated - 15-18 percent

• Turbocharged - 24-28 percent

• Direct injection turbocharged - 35-40 percent.

The diesel engine can also be improved with components similar to those used

in gasoline engines. Clearly, "lean burn" is already a diesel technology, and

little improvement from pumping loss reduction is possible. However, engine

friction reduction is much more effective in improving fuel economy. Volks-

wagen provided data cn the internal friction of a diesel engine, 11/ and a i0

percent reduction in engine friction can increase fuel economy by five percent

at 1/3 load, as shown in Figure 4-4. This is equivalent to the benefit

obtained from a 15 percent reduction in friction and a 15 percent reduction in

pumping loss for a gasoline engine. Conceptually, friction reduction for a
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FIGURE 4-4

Influence of Reduced Friction on
Fuel Consumption as a Function of

Engine Load
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diesel engine can utilize the low mass reciprocating components, improvements

in piston and ring design, etc., described for gasoline engines and the

friction reduction payoff will be three times as large in a diesel as for a

gasoline engine. Of course, _he piston and rings are the largest contributor

to to_al diesel engine friction, and reduction in valve train friction may not

provide as much economy benefit as reduction in piston/ring friction. Lack of

data precluded as detailed an analysis of future diesel engines as was

performed for S,I. engines. We have simply assumed that a 2010 turbocharged

D.I. diesel with a trap will have 45 percent better fuel economy than a

OHC/2V spark ignited engine.

The ability of a diesel to meet more stringent emission standards is in some

doubt. It now appears that particulate traps can reduce particulate emissions

_o levels below 0.05 g/mile. NO x standards of 0.4 g/mile may be more dlffi-

cult to meet. Only VW was optimistic that a diesel could likely meet a O.A

g/mi NO x standard, but this may hold true only for small lightweight cars. It

may also become possible to use a catalyst to reduce NOx; there is consider-

able worldwide activity in "lean" catalysts for NO, and Japanese researchers

have recently expressed optimism on its feasibility. Such a development could

allow diesels to meet even the NO x standards being discussed for the pos_-2000

_ime frame.

4.7 ENERGY STORAGE/_DLESHUTOF¥

Idle fuel consumption is largely a function of the engine size and engine RPH

at idle. The benefits of friction reduction and idle pumping loss reduction

are very high for idle fuel consumption, since the useful power output to

drive accessories is relatively low. The rest of the energy is used to

overcome engine losses. For example, roller cam followers can show provide a

7 co 9 percent benefi= in idle consumption, while intake valve control can

reduce idle consumption by 15 to 20 percent. The Hitsubishi valve shutoff

device =hat enables shutoff of half of cylinders provides a AO percent

reduction of idle fuel consumption. The effects of these devices on FTP and

idle consumption have been discussed in Section 4.5.
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The most efficient form of idle fuel consumption reduction is by shutoff of

engine at idle. Approximately I0 percent of all fuel consumed is at idle (16.

20 percent for idle and during braking). Volkswagen has pioneered the idle

stop/star= system which switches the engine off as soon as =he car is station.

ary. Unfortunately =his also shuts down all accessories, and so air condi-

tioning is difficult. In winter, =he frequent engine shutdown in city driving

conditions may result in very poor heating availability. In addition, VW

believes that it is difficult to keep the battery charged in winter if the

rear window defroster is used; electric interior heating is out of the

question.

A second major problem with =he stop/star= system is the difficulty of

.ns=an=aneous restart with a gasoline engine. Hot restarts sometimes requires

two to four engine revolutions, creaLing a restart delay that is unacceptable

in many driving conditions. For this reason, VW has largely concentrated its

stop/star= research on cars with diesel engines. Diesel engines restart

reliably in half a revolution when warmed up. The original E-80 stop/start VW

concept car was a VW Polo (not sold in the U.S.) modified with drag reduction

devices, low rolling resistance, tires, and supercharged 3 cylinder direct

injection 1.2L diesel rated at 50 HP. Gear ratios were selected to maximize

fuel economy. A flywheel based stop/start system was utilized that allowed

the flywheel to keep rotating during braking and was decompiled from the

engine. The flywheel then provides the energy to restart the engine as soon

as the accelerator pedal is depressed. The E-80 concept was rated at 83 MPG

(combined), more than double the fuel economy of the spark ignited engine

equivalent to a fuel consumption reduction of 57 percent. Of this, only six

percent was due to the engine stop/start system.

More recently, V-W has developed the Oko-Polo and Oko-Golf concepts that

utilize very low emission diesel engines. These utilize electric restart with

the conventional starter motor, and are closer to production type cars. In

both these vehicles, heating and battery charging in winter are still problem-

atic. As a result, the stop/start system is unlikely to see wide scale

commercialization in the U.S.
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Another new development is the Diesel/Electric Hybrid shown by Volkswagen. Ir

this type of design, a small (8.0 HP) electric motor is used in conjunction

with the diesel engine. Once the engine is warmed up, ic is used only above

certain speeds/loads or else shutdown completely. The electric motor runs the

car a= low speeds or low acceleration rates, typical of central city driving.

Under city driving conditions, the electric motor is used for speeds up to 30

mph. The vehicle used is the Golf with the 1.6 liter diesel engine. The

electric motor functions as the starter and as the generator for charging the

battery when the engine is running. The car becomes significantly heavier,and

is described in Section 5.

The extra weight of the car and the inefficiencies with the electric system do

not make the car efficient in absolute terms• The battery must be charged

directly from the city electric supply and no= from the diesel engine (except

in emergency situations) or else =he vehicle energy efficiency suffers

considerably• However, the VW diesel/electric concept accomplished three

objectives:

• it reduces petroleum consumption if central electric generation
is derived from other sources such as coal or nuclear

• it reduces urban emissions

• it may allow the diesel be certified low NO z standards

The hybrid car obtained about 60 HPG (energy equivalent) in the city compared

to only 37.4 HPG for the Golf diesel. Although the diesel/electric car HPG is

high compared to the diesel, it should be recognized that the inefficiencies

of converting fossil fuel to electricity are _ included in the above 60 HPG

value.

It is quite possible chat the vehicle can be improved even further. It's

biggest hurdles are the heavy weight and low capacity of lead acid batteries.

Isuzu has recently unveiled an advanced "capacitor battery" tha_ can be

recharged in 30 seconds, and weighs significantly less than a lead-acid

battery of similar capacity. This factor, combined with the intriguing
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possibilities of allowing diesel engines to comply with emission standards (if

current _est procedures are still allowed for _he hybrid) make this vehicle

type a s=rong contender for 2010. The current diesel Golf shows a 50 percent

gain in fuel economy on an equivalent energy basis, bu_ this could possibly be

increased to 75 to 100 percent. However, for the purposes of this analysis we

have assumed _hat a 60 percent gain in equivalent fuel economy and i00 percent

gain in oil-based fuel economy will be possible.
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5. FORECAST OF FUEL ECONOMY FOR 20L0

AND COMPARISONS TO ADVANCED PROTOTYPES

5.1 6NALYSlS oVERVIEW

Any projection of fuel economy into the distant future is subject to consider-

able uncertaln=y. In making projections to 2010, EEA has assumed that the car

market does not change dramatically - i.e., consumers still like attributes

such as space, luxury features and options, smooth ride and good acceleration

and handling performance. There can, of course, be relative shifts in =he

demand for such attrlbu=es, but the assumption in this analysis is that the

range of products available today capture the range of attributes =hat will be

demanded over the next twenty years. The implication of this assumption is

that fuel economy can be forecast by market class, and all demand shifts to

2001 can be represenced as a different sales mix of classes rather than the

emergence of new market classes. As a resulu, we have nou analyzed possibili-

ties such as a one-seat commuter vehicle, or a limited range electric vehicle,

or even a very low performance conventional vehicle.

Even with this assumption, it must be recognized that the benefits and costs

of post-2000 technologies are subject to more uncertainty than the equivalent

parameters for technologies available in the next ten years. Compounding the

uncertainCy is the possibility of new emission regulations that may be

unattainable by future technologies considered in Section _. Lastly, it is by

no means clear that all of the technologies considered will meet the criteria

required for manufacturability and customer acceptance. These manufacturing

and marketing risks are present at different levels for the different

technologies, and it _s difficult to provide an objective measure of this

factor. The approach chosen in this analysis is to qualify the risks as

belonging to three levels, where:
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• Level I is _he risk level _ha_ would correspond to most

automotive engineers agreeing _hac the technology is likely to
be commercialized by 2010

• Level II is for technologies where opinion is sharply divided

about either the benefits of the technology or i_s commercial

prospects

, LeVel III is for technologies that are considered esoteric by

most, but still within the realm of possibility.

The technology benefits were subject to the above risks but even less is known

about costs. In the past, EEA has provided DOE with a "payback period

algorithm" which projects benefits as a function of technology cost (or, more

accurately, price) by market class. Forecasting costs and benefits at this

level of detail becomes impossible in the post-2000 time frame, and a risk

based approach is more applicable in this case.

A forecast of average fuel economy for all cars is provided for 2010, assuming

that the mix of cars sold in 2000 and the attributes of each market class

remains constant to 2010. The estimate relies on the new calculation method-

ology developed in Sec¢ion 3 of this report. These estimates are then

compared to available data from advanced prototypes.

5.2 R_SK-BASED,,LEVELS OF FUE_ ECONOMY FOR 20!0

In earlier analysis for the DOE, future fuel economy was based on a specific

fuel price path. Cost-effective levels of fuel economy were based on trading

off fuel economy technology cos= against the discounted value of fuel savings

over a specified time period, typically either four years (reflecting a new

car buyer's holding period) or ten years (the average lifetime of the car).

These approaches are not useful for defining the maximum potential fuel

economy for 2010 not only due to uncertainty about fuel prices and technology

costs, but also due to the fact that the DOE is addressing the issue from

other policy perspectives such as energy security.
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The steps utilized to provide an assessment of 2010 risk-based maximum fuel

economy are

• recalculation of the 2001 baseline

• definition of technologies in each risk class

• derivation of 2010 fuel economy levels.

The 2001 forecast discussed in Section 2 was recompu=ed using the analytical

methods outlined in Section 3, and using the engine specific details for

friction reduction and pumping loss reduction from the data provided in

Section 4. Since detailed data were available starting only from an overhead

cam, 2-valve engine baseline, the recomputation was based on an "adjusted"

baseline.

The "adjustments" were made to the 1988/89 baseline to account for the fact

that engine improvements where specified over a 2-valve per cylinder overhead

cam (OHC) engine baseline and to account for future emission and safety

standards. The adjustments also accounted for front-wheel drive conversion in

all classes of cars except sports cars. The nature of =he adjustments were as

follows. First, the average characteristics of the 1988 fleet by market class

was de=ermined. Second, =he average class characteristic was adjusted for

front-wheel drive (FWD) penetration in all classes except "sports" so that the

baseline reflected i00 percent FWD. Third, for each class a representative

car was chosen if its characteristics of weight, horsepower and fuel economy

were nearly identical to the computed average. Fourth, its fuel economy was

decreased by 3 percent and weight increased to account for safety/emission

standards to 2001. Lastly, if the selected car did not have a 2-valve OHC

engine, its fuel economy was adjusted by the factor defined in Section 2 for

the 2-valve OHC engine.

An example illustrates the baseline adjustment process. The actual baseline

for large cars in 1988 was as follows:



Curb Weight 3&75 Ib

Engine Displacement - 256 cu. in

Horsepower - 155 HP

Composite Fuel Economy - 2&.8 MPG

Front Wheel Drive - 59%

Conversion of the 41% of rear wheel drive vehicles to front wheel drive would

decrease weight to 3300 ib and increase fuel economy to 25.8 MPG i.e. 2A.8 (i

+ 0.41 x O.l). Examination of the 1989 data revealed the Buick LeSabre to

have exactly the predicted characteristics at 3296 ib and 25.8 MPG. The

engine is a 3.8 L "advanced" OHV rated at 150 HP. In order to convert it =o

an OHC engine, the engine displacement is reduced i0 percent to 3.4L, which

provides a rating of 170 HP at 50 HP/L. The 3 percent benefit in fuel economy

due to the OHC engine is exactly offset by the 3 percent decrease due to

safety and fuel economy standards. Weight is increased by 100 Ib due to. the

air bag and side impact requirements. The same process was applied to other

classes and the resultant adjusted baseline is shown in Table 5-I.

The adjusted baseline also explicitly sta=es the inclusion or exclusion of low

friction rings and roller cam followers which are individually accounted for

in =he summary table on engine improvements in Section 4. Starting from the

adjusted baseline, fuel economy was derived from two equa=ions, one relating

to the improvements in engine bscfc over the composi=e cycle and the second to

the reduction in energy required to move _he car over the cycle. They are

bsfc - llzo (I - P- Fr)o

bsfc o I]z (I - P - Fr)

d.KE - [0.54 _ + 0.23 _ + 0.25 _ + O.1 d__E]
Eo - Mo CDo CRo E^o

and F_CC - 0.90 bsf___._c(l - dE ) + 0.i G_t

FCo bsfc o Eo Go



TABLE 5-1

CHARACTERISTICS OF BASELINE CARS USED FOR 2010 FORECAST

Luxury LarRe Hidsize Compact Sports Subcompact Hinicompac t

Curb Weight 3650 3400 2930 2655 2925 2360 1765

Drag, Co 0.42 0.38 0.33 0.34 0.34 0.37 0.35

Engine ClD 240" 225" 165" 133" 181 113 81

HP 175" 170 140 IIO 150* 90 58

Transmi s- L4 L4 L4 L4 L4/M5 L4**/H/5 H5

sion

L/I

' F/E 23.9 25.8 27.6 29 9 25.5 34.0 44.4

(Adjusted)

Example _1989) Buick Buick Ford Honda Dodge Ford Ki a
Model Electra LeSabre Taurus Accord Daytona Escort Festiva

Roller Cam Yes Yes No No No Yes No

Followers

Low Yes Yes Yes No No Yes No

Friction

Piston/

Rings

* Equivalent performance OllC/2V naturally aspirated engine displacement.

** Adjusted from L3 transmission.



where =he zero subscript refers to the baseline. As noted, we have assumed

conservatively =hat idle fuel consumption decreases will parallel bsfc

decreases and GI/G=o will be equal to bsfc/bsfc o.

The above method provides the correct mixture of additive and mul=iplicative

factors An =he calculation. The baseline values for P and Fr were see 0.18,

and 0.21 respectively, and reduction of these variables was calculated

directly from the data in Section 4. It was noted that only 80 percent of the

reductions in P and 67 percent of the reduction in F= could be translated into

reduction in fuel consumption, and these factors were also utilized. The net

calculation showed the 2001 estimated fuel economy was 37.53 MPG for domestic

cars, which is 2 percent higher than the 36.8 MPG forecast in Section 2 using

the linearized me=hod. Of course, the higher result was anticipated since

this me=hod more correctly accounts for some favorable synergies. It should

also be noted that the coefficients chosen for =he equation are quite conser-

vative; the theoretical coefficients indicate even greater potential for

improvement.

As noted, the risk class based definitions were based on subjective responses

of the engineers a= the auto manufacturers interviewed. Risk Level I technol-

ogies are as follows:

WEight Reduction - Extensive use of aluminum and fiberglass reinforced

plastics in standard parts.

Drag Reduction - Flee_wide average Co levels of 0.24 with no reduction

in frontal area.

Imp_gved PackJ_in2 - An increase of packaging efficiency by A percent for

large and luxury cars and by zero for minicompacts

Other size classes are intermediate _o these levels.

Improved Tires i Rolling resistance of tires will decline to a CR of

0.0075 from the 2001 value of 0.0085
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EngiDe Improvements - All engine improvements listed in Section A except

lean-burn or modulated displacement are utilized.

Under risk Level II, it is assumed that modulated displacement engines o_K lean

burn or the direct injection stratified charge two stroke engine will become

available in the 2000-2010 time frame. In addition, the maximum weigh=

reduction, drag reduction and packaging efficiency benefits available for

vehicles are fully exploited. The technology changes to Level II are as

follows'

, Weight reduction - All vehicles are estimated to be reduced in weigh= by

15 percent from 2001 due to the use of graphite reinforced plastics and

extensive use of aluminum.

• Dra.g reduction - An average Co of 0.20 is ant'icipated for vehicles

undergoing drag reduction, coupled with frontal area reduction ranging

from 5 percent in large cars to zero in minicompacts.

• Imp.roved packaging - A weigh= reduction of 8 percent is forecast only

for large luxury cars with a 3 percent reduction for minicompacts;

weight reduction for other size classes lie between these values.

• Al_ernative _nRines - The diesel engine with direct injection and

turbocharging is assumed to enter the market in specific segments.

The introduction of diesel engines is predlca=ed on the retention of the

0.4 g/mi NOx standard and is _estr_cted to cars in the minicompact, subcompact
o

and compact classes. The assumption here is that diesels can meet a 0.A g/mi

NO x level on cars where weight is below I000 kg (2200 ib) and that its

penetration will be 20 percent in such vehicles. Table 5-2 summarizes the

assumptions on all technologies at Risks Levels I and II.

Under Level III risk we have included the following technologies"

• The development of a "lean-catalyst" to enable DI diesels to be

used in a.D_ vehicle size regardless of low NOX standards
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TABLE 5-2

2010 ASSUMPTIONS ON TECHNOLOGIES
AT DIFFERENT RISK LEVELS

(Relative to Baseline)

Risk Level I Risk Level II_

Weight Reduction 18% weight reduction 25% weight reduction
on all cars on all cars

Drag Reduction CD - 0.24 for CD - 0.20 for
all cars all cars

Frontal Area Reduction 0 0 for minicompac= to

5 for large/luxury

Improved Packaging 0 for minicompact to 3 for minicompact to

5 for large/luxury 8 for large/luxury

Engine Friction Reduction As per Table 4-3 As'per Table 4-3

Pumping Loss Reducuion A5% 66%

Thermal Efficiency Improvement 5.3% 6.87%

Rolling Resistance Reduction 15% 25%

Diesel Engine
Market Penetration 0 20% of mini, sub,

and compact classes
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• The use of energy storage mechanisms that can be either of the

electric or flywheel types, in conjunction with a IDI diesel

engine.

It is possible that the energy storage mechanism itself would permit DI

diesels to meet low NOx standards.

A key aspect of the calculation of fuel economy at any level of risk is the

technology market penetration achieved. Historical experience suggests that

most new technologies are introduced into the market place in specific niche

market vehicles initially so that manufacturers can gain experience with the

technology and assess consumer reaction to the technology. Typically, this

phase lasts about 5 years, and market penetration levels of 5 to i0 percent

are achieved. Assuming the technology has no major negative attributes, a

second phase of broad adoption in the market place occurs as the technology is

utilized in mass market vehicles. This phase can occur quickly, but a typical

period of eight years is common, reflecting the length over which most

manufacturers redesign their entire product line-up. This period can last 12

to 16 years for engine technology. A maximum market penetration of 80 =o 85

percent of applicable vehicles is a reasonable peak (applicable refers to the

fact that certain improvements are useful only for certain cars, e.g., torque

converter lock-up for cars with automatic transmissions). The decline phase

is associated with newer technologies that replace a particular' technology.

For example, four-valve engines will replace two-valve engines, and five-valve

engines will eventually replace four-valve engines. The 80 to 85 percent

maximum penetration is due to the fact that some cars designed for low cost

may never utilize the new technology, while others may bypass the technology

and move directly to even newer technology. For example, GH has a four-valve

OHC engine replacing a two-valve OHV engine, skipping over the intermediate

development stage of a two-valve OHC engine. The market pete=ration profile

is shown in Figure 5-1.
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Figure 5-1

Typical Market Penetration Profile
of.New Technology
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Fuel economy calculations for the year 2010 are based on the entire fleet and

not just "domes=it" cars. In 20 years, the status of industry and "domestic"

and "import" designations may have shifted radically and are essentially

unimportant to DCE concerns. As a result, the fuel economy computations were

performed for all market classes and aggregated based on fleet wide 2001 sales

mix. The actual 2010 mix will be dependent on a number of demographic and

economic factors such as income, age distribution and the price of fuel.

However, the information provided in this report shows the data at the market

class level, and it is relatively easy to recompute the fleet fuel economy

levels for any sales mix desired.

An example computation is shown to illustrate the derivation of the forecast.

The example here is the Level I forecast for the large class to continue the

example chosen for =he baseline. First, the improvement in bsfc is calculated

from the baseline. The factors are:

• Thermal efficiency improvement - 5.2 percent

• Pumping loss reduction - 45 percent

• FrictioT, reduction - 20.5 percent

Of these, the friction reduction potential was adjusted to reflect the fact

that the base vehicle had roller cam followers and low friction piston/rings.

Hence :

bsf____Kc I (I - 0.%8 - 0.21_ .....

bsfc o " 1.O52 (i - 0.18 [i-0.8x0.45] - 0.21 [i-0.67x0.205])

- 1 0.61
- -- X

1.052 0.7036

- 0.824

This calculation indicates thau average bsfc over the cycle will decrease by

17.6 percent largely due to pumping and friction loss reduction. At risk

Level I, weight is reduced by 18 percent through material substitution and 5

5-Ii



percent through packaging improvements, C0 is reduced by 36 percent, and C_ by

15 percent. The net energy requirement reduction is given by:

•E - 0.5_ x 0.23 + 0.23 x 0.36 + 0.25 x 0.15
E

- 0.2391

Hence, FC - 0.9 x 0.82& x (I-0.2391) + O. 1 x 0.824

FCo

- O. 6467

The new fuel economy is simply 25.8/0.6467 or 39.9 HPG; in general, larger

cars can have larger percentage improvements in fuel economy due to the

packaging benefit and frontal area reduction potential relative to smaller

cars.

In the Level 11 forecasu, both diesel and gasoline vehicle fuel economy are

estimated and then combined for an integrated market class average. As an

example, the calculation for the subcompac_ class is shown. For gasoline

engines, the bsfc improvement is estimated from

• Thermal efficiency improvement 6.87 percent

• Pumping loss reduction 66 percent

• Friction reduction 20.5 percen_

Using the same equations, we obta_:_ bsfc/bsfc o as 0.778. For the turbocharged

diesel, bsfc/bsfc o is set to 0.690 from the assumed 45 percent increase in

fuel economy over the baseline.

At risk Level If, weight is reduced through material substitution by 25

percent, and by 4 percent through improved packaging. The drag co-efficient

is reduced by 46 percent, and frontal area by i percent. Tire rolling

5-12



resistance is reduced by 25 percent by 32.7 percent. Hence, it can be

calculated that:

FC/FC o - 0.549 for gasoline engines

- 0.487 for diesel engines

The two estimates are weighted co reflect the 20 percent assumed penetration

for diesels, and the 2010 fuel economy level is estimated ac 63.37 MPG.

At risk Level Ill, all vehicles are assumed to use turbocharged D.I. diesels

in conjunction with a hybrid storage devices as des'ribed for the VW Golf.

Such a system is estimated Co provide a 33 to 35 percent benefit in fuel

economy, or a 25 percent reduction in bsfc, over an equivalent 2010 gasoline

engine.

The results of the derailed forecasts of fuel economy by market class are

shown in Table 5-3. The variation in improvements possible across market

classes is small because of the technologically homogenous "baseline" used for

2001 as a maximum technology case. The numbers, although shown to an accuracy

of one-tenth of an HPG, should ELg._be taken to suggest chat fuel economy in

2001 can be predicted to chat level of accuracy. Rather, the results should

be interpreted as follows:

• Even under a low risk assumption, it appears chat the fleet can

continue to improve from a little above 38 HPG (import and
domestic) in 2001 Co 45 HPG in 2010, without any major change

in vehicle consumer attributes. The technologies that can be

utilized co meet these levels are considered to not require any

major breakthroughs in development.

• Under a higher level of risk, it may be possible to atcain a

fleet fuel economy level of about 55 HPG wichou_ any loss of

consumer attributes. The technologies utilized to obtain these

levels require significant advances from the current levels co

meec regulatory requirements, but are unlikely to impact

customer perceived attributes in any major way.
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TABtr. 5- 3

FLEET FUEL ECONOMY IN

2010 AT DIFFERENT RISK LEVELS

_ Clas_ _ Risk Leve_ ! Risk _evel %T Risk 5evel III'"

Minicompac= 3.3 68.5 83.4 Ii0 0

Subcompact 26.5 51.5 63.4 86 6

Sports 7.3 39.7 47.8 68 9

Compac_ 23.2 46.4 57.0 74 0

Intermediate 22.4 42.2 51.3 69 7

Large 6.i 39.9 48.6 65 8

Luxury Ii. 2 37.2 46.2 62 1

Fleet (i00)
44,8 54.9 , 7z+_

_: This table assumes no new emission suandards are legislated in the
post-2000 time frame. Additionally, the cable holds vehicle ac=ribuces
constant at 1988 levels, except for Risk Level Ill.

" Unchanged from 2001 estimate.

"" Based on (fossil fuel + fossil equivalent) MPG.
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• A fleet average of about 75 HPG is possible if an energy
storage device such as the electric hybrid becomes practical

and the entire fleet is powered by small displacement,

turbocharged dlrect-inJection diesels. The former has problems

associated with cost and consumer acceptability, while the

latter has problems in meeting regulatory requirements and

(possibly) winning consumer acceptance. Nevertheless, both

technologies could well be feasible for widespread use by 2010.

5.3 C0MPA_SONOF FORECASTS TO PROTOTYPE FUEL ECONOMY

Although the individual technology effects were carefully documented in

Section 4, the incorporation of all of the technologies on a single vehicle

and the resulting fuel economy forecast needs to be documented. Of course, no

car in production coday has incorporated _ of the technologies embodied in

the forecast, and a validation of _he forecast must rely on a few prototypes

that utilize many of the technologies. Of course, these prototypes do not

meet safety and emission standards, bu_ the po_entlal influence of such

standards on fuel economy can be estimated separately.

To date, only subcompact sized prototypes have been built uo meet goals of

high fuel economy. Large car prototypes, though shown to the public, have not

been accompanied by detailed data on weight, engine type and fuel economy.

Accordingly, available comparisons to the forecasus are largely restricted to

the subcompact/minicompact class of cars.

Volkswagen has presented a range of cars including the auto 2000 in 1983, the

IRV_ Futura in 1989 and the Golf Electric hybrid in 1986. The earliest one

the Auto 2000 had characteristics approximately consistent with the estimated

Level I charac_eristics. It had a drag co-efftcien_ of 0.25 and a weigh= of

1765 lb, and tire rolling resis_ance _hat was "10 percent lower than

conventional tires". However, the engine was a conventional OHC/3-cylinder

gasoline engine fitted with a supercharger, and it had a four-speed automatic

transmission. The resulting fuel economy on the EPA cycle was about 46 mpg,

based on conversion from the ECE fuel economy _est. Level I risk based

estimates are 1890 ib weight, 0.24 Co and a fuel economy of 51.5 HPG. The
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major technology difference between the Level I and VW vehicle is the engine

in =he Level I forecast is a 5-valve cylinde_ _, low friction design.

Table 5-4 provides data on some advanced prototypes shown in the mid-1980's.

The Toyota AXV is somewhat larger than the minicompacts in the EEA forecast,

and is between the mini and sub-compact classes modelled. The AXV attains a

composite fuel economy of over 90 MPG as compared to the EEA prediction of

89.5 MPG for a minicompact, suggesting that EEA's forecast is conservative.

However, the addition of a particulate trap or catalyst to meet emission

standard, and weight increases to meet the safety standards may bring down the

AXV's fuel economy to the 80 MPG range, consistent with the forecast. The

Volvo LCP is closely representative of a subcompact and i=s combined fuel

economy rating of 65 mpg is slightly lower than =he 69.8 HPG forecast,

consistent with its higher drag co-efflcient and higher power to weight ratio.

The VW Golf electric hybrid is unique as its body and tires are not improved

from current vehicles. VW provided emissions data on the production diesel

Golf and the comparable electric hybrid prototype. They are:

pVoductio D Golf Hybrid Golf

HC 0.29 g/mi 0.25 g/mi

CO 1.45 g/mi 0.65 g/mi

NOx 1.52 g/ml 0.40 g/mi

Particulate 0.26 g/mi 0.13 g/mi

Fuel Economy (City) 37.4 HPG 60 HPG diesel +
electric

equivalen_

Highway fuel economy was not available buu is expected to be similar to that

of the production Golf or slightly lower (due to increased weight), since the

electric motor is not used at speeds above 20 mph. Hence, it is estimated

that a highway fuel economy of 50 MPG will result will result in a composite

(
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TABLE 5-4

CHARACTERISTICS OF HIGH FUEL ECONOMY

PROTOTYPES

Hybrid V_ GQlf T0YOta A_ Volvo LCP

Weight (ib) 2450 1430 1560

Co 0.34-0.36 0.26 0.25-0.28

Engine Type 1.6 li=er 4-cyl I.i li=er 3-cyl 1.4 liuer 3-cy_
I.D.I. Diesel D.I. Diesel D.I. Diesel

Horsepower 52 56 90

Power boosU (6 kw Elecuric Turbo Turbo

Motor) (intercooled)

Transmission Hybrid electric + CVT 5-sp. manual
4-speed manual

%ir-Condi=ioner N/A New high N/A

efficiency uni=

Fuel economy - city - 60 mpg (equivalent) - 80 mpg" 56

highway .... Ii0 mpg ° 81

Acceleration =ime (0-60) -16 12 (esu.) -i0

Seating capacity A 4 2 +

2 rear facing

" Calculated from Japan lO-mode/60 km-hr values, or ECE cycle values.
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fuel economy of 55 MPG, which is about 33 percent higher than =he production

Golf. These figures are consistent with the hybrid vehicle's fuel economy.

It should also be noted that the vehicle meets =he 0.4 g/mi NOx standard and

applicable safety standards.

No large and intermediate size high fuel efficiency prototype data is publicly

available, but the scaling laws relating the fuel consumption of small cars to

large cars show that the fuel economy ratios are comparable co chose observed

today. Based on these necessarily limited comparisons, it can be concluded

that the EEA forecasts are probably within z5 percent of the attainable values

for specific sets of technologies in 2010.
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